
Estrogen receptor β and treatment with a
phytoestrogen are associated with inhibition of nuclear
translocation of EGFR in the prostate
Wan-fu Wua

, Li Wanga, Nicholas Spetsierisb, Myrto Boukovalab, Eleni Efstathioub, Clemens Brössnerc,
Margaret Warnera, and Jan-Ake Gustafssona,d,1

aCenter for Nuclear Receptors and Cell Signaling, Department of Biology and Biochemistry, University of Houston, Houston, TX 77204; bDepartment of
Genitourinary Medical Oncology, University of Texas MD Anderson Cancer Center, Houston, TX 77030; cDepartment of Urology, Barmherzige Schwestern
Hospital, 1060 Vienna, Austria; and dDepartment of Biosciences and Nutrition, Karolinska Institutet, 14157 Huddinge, Sweden

Contributed by Jan-Ake Gustafsson, September 27, 2020 (sent for review June 2, 2020; reviewed by Johann de Bono, John R. Hawse, and Ganesh Palapattu)

Knockout of ERβ in the mouse leads to nuclear expression of epi-
dermal growth factor receptor (EGFR) in the prostate. To examine
whether ERβ plays a similar role in the human prostate, we used
four cohorts of men: 1) a Swedish cohort of normal prostates and
PCa (prostate cancer) of different Gleason grades; 2) men with
benign prostatic hyperplasia (BPH) treated with the 5α-reductase
inhibitor, finasteride, and finasteride together with the ERβ ago-
nists, soy isoflavones; 3) men with PCa above Gleason grade 4
(GG4), treated with ADT (androgen deprivation therapy) and abir-
aterone (AA), the blocker of androgen synthesis for different du-
rations; and 4) men with GG4 PCa on ADT or ADT with the AR
(androgen receptor) blocker, enzalutamide, for 4 mo to 6 mo. In
men with BPH, finasteride treatment induced EGFR nuclear expres-
sion, but, when finasteride was combined with isoflavones, EGFR
remained on the cell membrane. In GG4 patients, blocking of AR
for 4 mo to 6 mo resulted in loss of ERβ and PTEN expression and
increase in patients with nuclear EGFR from 10 to 40%. In the men
with GG4 PCa, blocking of adrenal synthesis of testosterone for 2
mo to 7 mo had the beneficial effect of increasing ERβ expression,
but, on treatment longer than 8 mo, ERβwas lost and EGFR moved
to the nucleus. Since nuclear EGFR is a predictor of poor outcome
in PCa, addition of ERβ agonists together with abiraterone should
be considered as a treatment that might sustain expression of ERβ
and offer some benefit to patients.
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Prostate cancer is the second most frequent cancer and the
fifth leading cause of cancer death in men, with about 1.3

million new cases and 359,000 associated deaths worldwide in
2018 (1). Androgen deprivation therapy (ADT) is the standard
treatment for advanced or metastatic prostate cancer (PCa).
ADT is the use of luteinizing hormone-releasing hormone ago-
nists or antagonists to cause a chemical castration. Although
ADT is very effective in the short term, a third of PCa will develop
resistance to ADT, termed castration-resistant prostate cancer
(CRPC) through numerous mechanisms which either reinstate
androgen receptor (AR) signaling activity or promote androgen
independence (2). The androgen synthesis inhibitor abiraterone
acetate targets the adrenal to inhibit the synthesis of dehydroepian-
drosterone (DHEA) in the adrenal and in the tumor itself, while
enzalutamide is an AR blocker (3–6). However, although these
treatments increase survival in patients with lethal prostate
cancer, their effectiveness is also temporary (7). There is a need
for alternative druggable targets for PCa.
ERβ is well expressed in both epithelial and stromal cells of

the normal human prostate (8, 9), but expression is lost as cancer
progresses above Gleason grade 3 (GG3). In PCa cell lines, ERβ
expression is undetectable at very low cycle threshold values
above 28. In the PCa cell line, PC3, forced expression of ERβ
inhibits epithelial−mesenchymal transition (EMT) by destabilizing
hypoxia-inducible factor 1-α (HIF-1α) and decreasing vascular

endothelial growth factor-mediated nuclear localization of snail,
a transcription factor that regulates EMT (10). ERβ also pro-
motes apoptosis by up-regulating the expression of p53-up-
regulated modulator of apoptosis (11). In mice, treatment with the
ERβ agonist (LY3201) down-regulated AR signaling in the ventral
prostate (VP), and this was accompanied by down-regulation of
the AR driver, RAR-related orphan receptor c. At the same
time, the AR corepressor dachshund family (DACH1) was up-
regulated (12). LY3201 treatment of wild-type (WT) mice also
resulted in phosphatase and tensin homolog (PTEN) nuclear
translocation (12). When ERβ is completely removed from the
mouse genome (ERβcrispr−/− mice), there is epithelial hyperpla-
sia, fibroplasia, and stromal overgrowth and intra ductal cancer-
like lesions in the VP. These phenotypes are accompanied by an
increase in P63 and Ki67, and loss of Purα and DACH1, two AR
repressors (13). Thus, activating ERβ in the VP should be consid-
ered to be a target for the treatment of early-stage PCa to prevent
cancer progression. Gehrig et al. (14) investigated the effect of an
ERβ-specific ligand on VCaP cells in the presence or absence of
ADT. Their study demonstrated that ERβ activation decreased
expression of both AR and the AR splice variant AR-V7. Since
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Although PCa depends on AR signaling, the effect of androgen
deprivation therapy is temporary and eventually leads to lethal
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ERβ expression in advanced PCa upon short-term use of
abiraterone, because it suggests a window in time when ERβ
agonists may be effective in advanced PCa. Thus, ERβ agonists,
by preventing EGFR nuclear translocation in PCa, might be useful
in preventing development of tyrosine kinase driven cancer.

Author contributions: W.-f.W., M.W., and J.-A.G. designed research; W.-f.W., L.W., and
M.W. performed research; N.S., M.B., E.E., and C.B. contributed new reagents/analytic
tools; W.-f.W. and M.W. analyzed data; and W.-f.W., E.E., M.W., and J.-A.G. wrote
the paper.

Reviewers: J.d.B., The Institute of Cancer Research; J.R.H., Mayo Clinic; and G.P., University
of Michigan Medical School.

The authors declare no competing interest.

Published under the PNAS license.
1To whom correspondence may be addressed. Email: jgustafsson@uh.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2011269118/-/DCSupplemental.

Published March 26, 2021.

PNAS 2021 Vol. 118 No. 13 e2011269118 https://doi.org/10.1073/pnas.2011269118 | 1 of 6

M
ED

IC
A
L
SC

IE
N
CE

S

https://orcid.org/0000-0002-2231-9528
https://orcid.org/0000-0002-7513-7664
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2011269118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:jgustafsson@uh.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011269118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011269118/-/DCSupplemental
https://doi.org/10.1073/pnas.2011269118
https://doi.org/10.1073/pnas.2011269118


VCaP cells are derived from bone metastasis of PCa, ERβ may
also be effective for CRPC treatment.
The epidermal growth factor receptor (EGFR), one of four

members of the human epidermal growth factor receptor (HER)
family of receptor tyrosine kinases, is overexpressed in many
malignancies, including PCa (15, 16). Around 30% of PCa pa-
tients overexpress EGFR, which is associated with bone metas-
tasis (17, 18). Although EGFR is one of the most targeted receptors
in cancer treatment, small tyrosine kinase inhibitors against
EGFR such as Lapatinib, Erlotinib, and Gefitinib only have
limited effectiveness in PCa (19). There are many mechanisms of
resistance to EGFR inhibitors, including changes in intracellular
trafficking, and EGFR nuclear translocation. Nuclear EGFR
functions as a cotranscription factor for some genes involved in
cell proliferation and angiogenesis, and as a tyrosine kinase to
activate and stabilize proliferating cell nuclear antigen (PCNA)
and DNA-dependent protein kinase (20).
Benign prostate hyperplasia (BPH) is defined by gland en-

largement with stromal overgrowth and proliferation of epithe-
lial cells in the transitional zone of prostate (21). Androgen/AR
signaling plays an important role in BPH, and the 5α-reductase
inhibitor (finasteride) which decreases the synthesis of dihy-
drotestosterone (DHT) from testosterone is widely used in the
treatment of BPH (22).
In the present study, we used immunohistochemistry to ex-

amine AR, ERβ, and EGFR expression in PCa. We report that,
in BPH patients, treatment with isoflavone, a phytoestrogen,
inhibited finasteride-induced EGFR nuclear translocation. In
PCa, 1) expression of ERβ was negatively correlated with EGFR
nuclear translocation, 2) ADT+enzalutamide treatment promoted
EGFR nuclear translocation, and 3) EGFR nuclear translocation
was positively correlated with a higher rate of recurrence in PCa.

Results
Nuclear Expression of EGFR in ERβcrispr−/− Mice.A previous study has
demonstrated nuclear localization of EGFR in epithelial and
stromal cells in ERβ−/− mouse uterus (23). We now show that, in
mice in which there is complete deletion of the ERβ gene

(ERβcrispr−/− mice), EGFR is expressed in the nuclei of the ep-
ithelium of the VP.

ERβ Agonist Is Associated with Inhibition of Finasteride-Induced EGFR
Nuclear Translocation in BPH. To investigate whether ERβ agonists
play a role in EGFR nuclear translocation, we used formalin-
fixed, paraffin-embedded (FFPE) slides from the study by Alonso-
Magdalena et al. (24). In this study, BPH patients were treated
with placebo (Ctr group), or with finasteride, a 5α-reductase
inhibitor (Fin group), or Fin+isoflavone (a phytoestrogen, an
ERβ agonist) (Fin+Iso group). There were eight patients in each
group. We found that, in the Ctr group, EGFR was mostly expressed
on the cell membrane of epithelial cells (Fig. 1A). In the Fin group,
there were many EGFR nuclear-positive epithelial cells (Fig. 1B). In
the Fin+Iso group, nuclear EGFR-expressing cells were rare
(Fig. 1 C and D). Thus, by inhibiting the formation of DHT, the
endogenous ERβ agonist, 3β-Adiol, is lost, and EGFR moves into
the nucleus.

Expression of ERβ and AR in Normal Prostate and PCa. It has been
previously shown that expression of ERβ is maintained in PCa of
GG3 but is diminished in higher Gleason grades (10, 25). In the
normal prostate (Fig. 2A), ERβ is abundantly expressed in the
prostate epithelium, both luminal (black arrow) and basal cells
(red arrow) as well as some stromal cells. The expression of ERβ
was evident in GG3 PCa (Fig. 2B). In GG5, ERβ was not de-
tectable (Fig. 2C). In the normal prostate, AR was well expressed
in luminal epithelial cells (black arrow) and some stromal cells
(Fig. 2D). Basal cells (red arrows) did not express AR (Fig. 2D).
AR expression was maintained in cancer of GG3 and GG5
(Fig. 2 E and F).

In PCa, Loss of ERβ Is Accompanied by an Increase of EGFR Nuclear
Translocation and Loss of PTEN. Nuclear translocation of EGFR is
found in many cancers (26, 27). Here we show that ERβ is
expressed in nuclei of the basal cells (red arrow) and luminal
epithelium (black arrow) in the normal prostate (Fig. 3A), and,
in the same areas, EGFR is expressed on the cell membrane (red
arrow) (Fig. 3B). In GG3 PCa, ERβ expression in epithelial cells
was lower than in the normal prostate (Fig. 3C), and EGFR was
expressed in nuclei of some epithelial cells (Fig. 3D). There was a
marked decrease of ERβ expression in GG4 PCa (Fig. 3E), and
EGFR was expressed in cell nuclei (red arrow) (Fig. 3F). ERβ

Fig. 1. Activity of ERβ inhibits finasteride (Pro = Proscar) induced EGFR
nuclear translocation in BPH. In BPH, EGFR was mainly expressed in the cell
membrane (black arrow) (A). Finasteride treatment increased nuclear ex-
pression of EGFR (red arrows) (B). Combined treatment with finasteride and
isoflavone decreased expression of EGFR in nuclei (black arrow) (C). (Scale
bars, 50 μm). Statistical analyses of EGFR nuclear-positive cells in control,
finasteride, or finasteride+isoflavone treated BPH (*P < 0.01) (D).

Fig. 2. Expression of ERβ and AR in prostate and prostate cancers. ERβ was
expressed in both luminal epithelial cells (black arrow) and myoepithelial
cells (red arrow) in normal prostate (A). In GG3 prostate cancer, there were
many relatively normal ducts where ERβ was still expressed in cells in luminal
layer (black arrow) and myoepithelial cells (red arrow) (B); however, ERβ was
lost in GG5 prostate cancer (C). AR was mainly expressed in luminal epithelial
cells (black arrow), not in myoepithelial cells (red arrow) in normal prostate
(D). In apparently normal ducts in GG3 prostate cancer, cells in luminal layer
(black arrow) expressed AR; basal epithelial cells (red arrow) did not express
AR (E). AR was highly expressed in cancer cells in GG5 prostate cancer (F).
(Scale bars, 50 μm.)
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was lost in GG5 PCa (Fig. 3G), and EGFR was located in the
nuclei of cancer cells (black arrow) (Fig. 3H).
Expression of the tumor suppressor gene PTEN is ERβ reg-

ulated (28). We have previously reported that PTEN is down-
regulated in the VP of ERβ−/− mice and that an ERβ agonist
drives PTEN into the nucleus inWTmice (12). With the PCa arrays
from MD Anderson Cancer Center (MDACC), we stained se-
quential sections for ERβ and PTEN. We found that, in cells where
ERβ was expressed in the nucleus (SI Appendix, Fig. S1A), PTEN
was also expressed in nuclei (SI Appendix, Fig. S1B). When ERβ
was cytosolic (SI Appendix, Fig. S1C), PTEN was expressed in
cytoplasm (SI Appendix, Fig. S1D). When ERβ was not expressed
(SI Appendix, Fig. S1E), PTEN expression was also lost (SI Ap-
pendix, Fig. S1F). To determine whether ERβ and PTEN are
expressed by the same cells, we used double immunofluorescence

staining. The colocalization of ERβ, PTEN, and DAPI con-
firmed that ERβ and PTEN were colocalized in the same cells
(SI Appendix, Fig. S1 G–J).

An Increase in EGFR Nuclear Translocation by Enzalutamide. To in-
vestigate whether blocking AR affects EGFR nuclear translo-
cation, we compared two tissue arrays of GG4 cancers. One
(number of cores: 459) was from ADT-treated men, and the other
was from ADT+enzalutamide-treated men (number of cores:
464). During staining, 24 cores from the ADT group and 22 from
the ADT+enzalutamide group were lost. The percentage of
EGFR-positive cores was not different between the two groups:
83 (19%) from the ADT-treated group and 103 (23%) from the
ADT+enzalutamide group (Table 1). However, there was a
significant increase in nuclear EGFR in the enzalutamide group.
There were 9 (11%) in the ADT group and 42 (40%) in the
enzalutamide-treated group (Table 2). In the EGFR nuclear-
positive samples, there were significantly more PCNA-positive
cells than in EGFR nuclear-negative samples (SI Appendix,
Fig. S2). Thus, blocking AR had the negative effect of increasing
nuclear EGFR.

Effect of Combination of Abiraterone and Enzalutamide on Nuclear
EGFR and Recurrence of PCa. To determine whether nuclear ex-
pression of EGFR is related to PCa recurrence, we analyzed 47
patients (recruited between December 2013 and March 2015 at
MDACC in Houston) who were treated with either abiraterone
acetate (Abi group) or abiraterone acetate+enzalutamide (Abi+Enz
group). Two patients were lost during follow-up. There was no sig-
nificant difference in recurrence rate between the two treatment
groups: In the Abi group, it was 56% (9 out of 16), and, in the
Abi+Enz group, it was 65% (19 out of 29). Thus, addition of the
AR blocker to the inhibitor of androgen synthesis did not affect
recurrence. However, regardless of the treatment, recurrence
rate in EGFR nuclear-positive patients was (79%). This was
significantly higher than that (43%) in the nuclear EGFR-
negative group of patients (Table 3).
In addition, there were more PCNA-positive cells in the

EGFR nuclear-positive patients (Fig. 4 B, D, and E) than in the
EGFR nuclear-negative PCa patients (Fig. 4 A and C).

Effect of Short-Term ADT+Abiraterone on ERβ Expression in the
Prostate. One strong argument against the clinical use of ERβ
agonists to treat advanced PCa is the loss of ERβ expression in
advanced PCa. To investigate whether duration of ADT+abir-
aterone influences ERβ expression, we analyzed ERβ expression
in patients treated with abiraterone acetate for different durations
of treatment (2 mo to 4 mo, 5 mo to 7 mo, 8 mo to 11 mo, and 12
mo). As shown in Table 4, short-term treatment with abiraterone
increased ERβ expression. But, upon prolonged (>7 mo) ADT
treatment, ERβ expression was lost from PCa.

Discussion
Since its discovery in 1996 (8), the role of ERβ in PCa prevention
and treatment has been investigated in many laboratories. ERβ is
a tumor suppressor whose expression is lost as PCa progresses.
This loss limits the use of ERβ agonists for treatment of advanced

Fig. 3. Expression of ERβ and EGFR in prostate and prostate cancers. In the
normal prostate, ERβ was expressed in nuclei of the basal (red arrow) and
luminal epithelium (black arrow) (A), and EGFR was located in the cell
membrane of the basal (red arrow) and luminal epithelial cells (black arrow)
(B). In GG3, ERβ expression in cells in luminal layer (black arrow) and basal
layer (red arrow) was decreased (C), and EGFR was present in nuclei of some
cells in luminal layer (black arrow) and basal layer (red arrow) (D). In GG4,
expression of ERβ was very low in cells of luminal layer (black arrow) and
basal layer (red arrow) (E), and EGFR was present in nuclei of cells in luminal
layer (black arrow) and basal layer (red arrow) (F). In GG5, ERβwas lost (black
arrow) (G), and EGFR was present in the nuclei of cancer cells (black arrow)
(H). (Scale bars, 50 μm).

Table 1. Enzalutamide does not affect total
(cytoplasmic+nuclear) EGFR expression

Treatment EGFR+ EGFR− Total Percent EGFR positive

ADT 83 354 437 18
ADT+Enz 103 337 440 23

Total 186 691 877 21

P value of the χ2 statistic is 0.095.
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PCa. In the present study, we show that the nuclear transport of
EGFR and PTEN is ERβ regulated and could be targeted in the
treatment of PCa. We have used PCa tissue arrays and ADT-
treated PCa FFPE cancer samples to confirm that there is ERβ
expression in PCa of low Gleason grades. We found that, in PCa,
expression of ERβ was negatively correlated with EGFR nuclear
location and that ADT+enzalutamide treatment promoted EGFR
nuclear translocation. Furthermore, EGFR nuclear translocation
was positively correlated with a higher rate of recurrence.
Of clinical importance is the increase in ERβ expression upon

short-term abiraterone treatment and the finasteride-induced
nuclear EGFR which could be prevented with isoflavones
(phytoestrogens).
PCa is an AR-dependent disease. ADT, removal the synthesis

of testicular androgens, is a reasonable treatment for advanced
or metastatic PCa (29, 30). ADT is effective initially, but it
eventually leads to CRPC. In the present study, immunochemical
staining of sequential sections in tissue arrays showed that ERβ
was expressed in both luminal and basal cells. But AR was only
expressed in luminal epithelial cells and not in the basal cells.
This localization pattern explains why proliferation and/or dif-
ferentiation of basal cells is AR independent and why ADT is
able to inhibit the proliferation of AR-positive cancer cells but
has no effect on basal cells. Furthermore, ADT leads to the loss
of DHT in the prostate. This means that there is also loss of
3βAdiol (5α-androstane-3β, 17β-diol), the endogenous ERβ li-
gand which is formed from DHT by 3β-hydroxysteroid dehy-
drogenase 6 (3β-HSD 6) in the prostate (31). During ADT, the
ERβ endogenous ligand is depleted, and the ERβ is inactive.
Under these conditions, a combination of an ERβ agonist with
ADT should be useful for the treatment of PCa.
In the present study, we found that, as PCa advanced from

normal tissue to low and then higher Gleason grades, ERβ ex-
pression decreased, EGFR moved from the cell surface to the
nucleus, and there was increased expression of PCNA in epi-
thelial cells. Nuclear localization of EGFR is highly associated
with disease progression and decreased overall survival in many
cancers (32–35). Nuclear localized EGFR also enhances resis-
tance to chemotherapy, radiation, and anti-EGFR therapies
(36–38). In several cancers, such as basal cell breast cancer (39),
pleural mesothelioma (40) and triple-negative breast cancer
(41), ERβ represses EGFR. However, few studies have reported
on the role of ERβ in the nuclear translocation of EGFR. A
previous study from our group found nuclear localization of
EGFR in epithelial and stromal cells in uterus of ERβ−/− mice
(23). To determine whether an ERβ agonist can prevent the
migration of EGFR from the cell membrane to the nucleus, we
investigated BPH patients treated with placebo, finasteride, or

finasteride+isoflavone. Even though there were only eight pa-
tients in each group, we found that treatment with finasteride
was associated with increased EGFR nuclear translocation, but,
in men treated with finasteride plus the ERβ agonist, isoflavone,
there was very little nuclear EGFR.
PTEN, a well-known tumor suppressor gene (42), is regulated

by ERβ. PTEN was down-regulated in the VP of ERβ−/− mice,
and, in WT mice, an ERβ agonist drove PTEN into the nucleus
(12). In the present study, we confirmed that loss of ERβ is ac-
companied by the loss of PTEN.
ADT+enzalutamide increased EGFR nuclear translocation in

PCa, and this EGFR nuclear localization was highly associated
with a higher rate of recurrence. The mechanism through which
ADT+enzalutamide is able to promote EGFR nuclear transloca-
tion remains to be investigated. One difference between treatment
with finasteride and treatment with AR blockers is that inhibi-
tion of 5α-reductase with finasteride leads to loss of DHT but not
loss of testosterone. Loss of DHT leads to loss of the endoge-
nous ligand of ERβ, 3β-Adiol, and loss of ERβ function, while

Table 2. Enzalutamide increases EGFR nuclear expression

Treatment EGFR nuclear positive EGFR nuclear negative Total Percent of samples with nuclear EGFR

ADT 9 74 83 10
ADT+Enz 42 61 103 42

P value of the χ2 statistic is 0.000006601.

Table 3. Relapse rate is higher in EGFR nuclear-positive than in
EGFR nuclear-negative patients

EGFR Relapsed Nonrelapsed Total Percent of relapse

Nuclear positive 11 3 14 78
Nuclear negative 10 13 23 43

Total 21 16 37 56

P value of the χ2 statistic is 0.037.

Fig. 4. EGFR nuclear translocation was associated with increased expression
of PCNA. Expression of EGFR was in the cell membrane (black arrow) (A) and
in cell nuclei (black arrow) (C). Expression of PCNA in EGFR nuclear-positive
cancers (red arrow) (D) was higher than that in EGFR nuclear-negative can-
cers (red arrow) (B). (Scale bars, 50 μm). PCNA expression was significantly
higher in EGFR nuclear-positive cancers (*P < 0.05) (E).
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some AR remains because of the presence of testosterone. The
effect of finasteride on prostate size is a slow process. The more
immediate effects, EGFR translocation to the nucleus, may be
due to loss of ERβ activity.
Treatment of men on ADT with abiraterone for 2 mo to 7 mo

to inhibit 17-hydroxylase resulted in an increase in expression of
ERβ. The increase in ERβ expression probably reflects the lack
of effect of short-term abiraterone treatment on circulation
levels of DHEA and DHEA sulfate. The likely explanation for
this short-term effect is that, because of the very large reservoir
of DHEA and DHEA sulfate in the body, inhibition of its syn-
thesis does not cause an immediate loss of DHEA. In addition,
abiraterone may have increased steroid sulfatases (43), changed
the expression of HSD converting androstane-3α/β-diol to DHT
(44), or blocked CYP7B1 to increase the level of 3βAdiol (45).
On long-term abiraterone treatment, both DHEA and 3β-Adiol
eventually are depleted, and ERβ is without ligand and becomes
inactive and unstable.
Taken together, our data suggest a key role of ERβ in inhibiting

EGFR nuclear translocation and stimulating nuclear transport of
PTEN. We suggest that, in advanced PCa, short-term abiraterone
treatment increases ERβ expression, and thus there is a window in
time when ERβ agonists may be useful in the treatment, even in
advanced PCa.

Materials and Methods
Materials. The details of a mouse line with a constitutive knockout of the ERβ
gene using CRISPR-Cas9−mediated gene editing was previously reported by
our group (13).

To determine whether expression of EGFR is related to PCa recurrence, 47
radical prostatectomy tissue specimens were analyzed from 46 deidentified
patients treated at MDACC. These patients were enrolled in a preoperative
study that assessed the effect of a neoadjuvant 6-mo treatment with abir-
aterone acetate (AA, androgen biosynthesis inhibitors) plus ADT versus AA
combined with enzalutamide. The mechanism of action for enzalutamide is
threefold. It is a potent, competitive binder of androgens at the level of the
AR. It prevents the translocation of the AR from the cytoplasm to the nucleus.
Within the nucleus, it inhibits AR binding to chromosomal DNA, which
prevents further transcription of tumor genes and results in ADT in patients
with newly diagnosed high-risk prostate cancer (clinical trial NCT01946165).
The present study was conducted according to the principles of the

Declaration of Helsinki and the International Conference on Harmonization
Good Clinical Practice Guideline, and all patients had consented to the
processing of their tumor tissue samples in future research projects.

The median age of the patient population was 66 y (range: 47 y to 75 y).
Thirty-four patients were White, three patients were Black, seven were
Hispanic, one was Asian, and one was from another racial background. Stag-
ing upon diagnosis was as follows: 5 patients were stage cT1c, 3 were cT2a, 12
were cT2b, 4 were cT2c, 9 were cT3a, 12 were cT3b, and 1 was cT4. Pretreat-
ment biopsy Gleason scores were as follows: 1 patient with GS 6 (3+3), 1 with
GS 7 (3+4), 1 with GS 7 (4+3), 16 with GS 8 (4+4), 1 with GS 8 (5+3), 20 with GS 9
(4+5), 5 with GS 9 (5+4), and 1 with GS 10 (5+5). All patients received six cycles
of treatment and subsequently underwent radical prostatectomy. Median
prostate-specific antigen (PSA) at screening was 14.25 ng/mL (range: 0.5 ng/mL
to 141 ng/mL) Thirty-one patients received treatment with AA+enzalutami-
de+ADT, and 15 patients were treated with AA+ADT. All patients except five
achieved a PSA < 0.1 prior to surgery. Surgical staging was as follows: 14 pa-
tients were staged ypT2, 7 patients were staged ypT3a, and 25 patients were
staged ypT3b. Sixteen patients had nodal involvement.

Samples with BPH from deidentified patients treated with placebo,
finasteride, or finasteride+isoflavone were from Barmherzige Bruder Hos-
pital and Danube Hospital, Vienna, Austria.

Immunohistochemistry. Paraffin-embedded sections were deparaffinized,
rehydrated, and heated in a Lab Vision PT module (Thermo Scientific) at 97 °C
for 10 min to retrieve antigens. Sections were incubated with 0.05% Triton for
15 min. After washing with 1× phosphate-buffered saline, sections were
blocked with buffer composed of 50% (vol/vol) methanol and 3% (vol/vol)
H2O2 for 30 min and then with 3% (wt/vol) bovine serum albumin for 30 min.
This was followed by overnight incubation at 4 °C with primary antibody: anti-
ERβ (1:100; in house ERβ antibody mapping the C terminus part), anti-EGFR
(1:200, Abcam), anti-AR (1:100; Abcam), anti-PTEN (1:100; Abcam), and anti-
PCNA (1:10000; Abcam). Slides were incubated with secondary antibody fol-
lowed by horseradish peroxidase polymer kit (Biocare Medical; GHP516) for
30 min. Finally, slides were developed with 3,3-diaminobenzidine tetrahy-
drochloride and counterstained with hematoxylin. Sections were covered with
mounting medium after dehydration.

Immunofluorescence Double Staining. Immunofluorescence was performed as
described before (46). Labeling with anti-ERβ (1:100; in house ERβ antibody
mapping the C terminus part) and anti-PTEN (1:100; Abcam) was carried out.
Primary antibodies were detected with donkey anti-chicken Cy3 (1:400;
Jackson ImmunoResearch) and donkey anti-rabbit FITC (1:400; Santa Cruz
Biotechnology). Samples were counterstained with DAPI (Vector) for cell
nuclei visualization.

Data Analysis. Data are expressed as mean ± SD; statistical comparisons were
made by using a one-way ANOVA followed by a Bonferroni post hoc test or
chi-square test. P < 0.05 was considered to indicate statistical significance.
P < 0.01 was considered to indicate statistical significance for the BPH study,
since there were only eight patients in each group.

Data Availability. All study data are included in the article and SI Appendix.
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