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The Role of Estrogen Receptor § in Prostate Cancer
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Although androgen receptor (AR) signaling is the main molecular tool regulating growth and function of the prostate gland,
estrogen receptor f (ERp) is involved in the differentiation of prostatic epithelial cells and numerous antiproliferative actions on
prostate cancer cells. However, ERB splice variants have been associated with prostate cancer initiation and progression mech-
anisms. ERB is promising as an anticancer therapy and in the prevention of prostate cancer. Herein, we review the recent experi-
mental findings of ER signaling in the prostate.
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INTRODUCTION

More than half century ago, Nobelists
Huggins and Hodges provided clinical
evidence that hormones can influence the
development of prostate tumors, suggest-
ing that androgens promote tumor
growth and estrogens inhibit it (1). Since
this innovative work, medical or surgical
castration with antiestrogens remains the
basic treatment for advanced prostate
cancer (PCa). However, castrate-resistant
prostate cancer cells (CRPC) can drive
further disease progression (2). In this
context, estrogen’s ability to decrease hy-
pothalamic pituitary stimulation of
luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) production
and consequently reduce androgen syn-
thesis made them suitable to be used as a
PCa therapy. Unfortunately, estrogen ther-
apy had numerous cardiovascular and
thrombotic side effects hindering its clini-
cal use as an alternative to castration (3).

The direct estrogens actions are medi-
ated by estrogen receptors. Estrogen re-

ceptors o (ERa) and $ (ERp) are mem-
bers of the nuclear receptor superfamily.
ERp is suggested to have a growth in-
hibitory role in prostate tissue and it was
proposed as a new therapeutic target for
prostate cancer (4,5). However, biological
significance of ERP signaling remains
unclear (6).

THE ROLE OF ERP IN PROSTATE GLAND

Expression and Mechanism of Action

ERB is encoded by chromosome locus
14q22-24 (7) and it is expressed in both
stromal and luminal epithelial cells of
the human prostate (5). ERa is expressed
mainly in prostate stroma (8,9).

As a member of the nuclear receptor
family, ERp acts individually, forming
homodimers (ERB/f) or heterodimers
(ERB/a). Ligand-induced dimerization
leads to translocation of dimer to the nu-
cleus, binding with coregulatory proteins
and interaction with responsive elements
(binding sites) in the promoter regions
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including nuclear factor-xB (NF-xB) and
activator protein 1 (AP-1). ERp binds in-
directly to these alternative binding sites
through the recruitment of cofactors to
the receptor. However, less is known
about the interactions between ERf} and
transcriptional cofactors (10). ERB/f and
ERo./B homo- and heterodimers, respec-
tively, exhibit antiproliferative effects as
they activate different target genes (11).
Interestingly, ERa./p heterodimer is more
stable than the ERB/f homodimer (12).
Overall, ER dimerization is a crucial step
in defining ER signaling (11).

ERp Isoforms in Prostate Gland

ERP may play a significant role in
human PCa affecting progression as in-
dicated by the distinct expression of its
spliced variants during the phases of
progression (13). In humans, there are
at least five identified isoforms of ERp.
ERP1, ERP2, ERP4, and ERP5 isoforms
can be found in various cell types in the
normal prostate and are differentially
expressed during the prostate cell cycle
(14,15). Recent studies suggested that
ERP1 is the only fully functional iso-
form of the ERP family. Other ER iso-
forms have no intrinsic activity, since
they neither form homodimers or re-
cruit coregulator proteins and are char-
acterized as variable dimer partners of
the ERP complex altering its activity
(16). Thus, ERp activity may depend on
ERp1 expression and the ERp isoforms
ratio.
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AF1 DBD LBD/AF2
ERB1) Ni——AB | ¢ [D] | F|————cooH 530aa
ERB2) NH——AB | ¢ [D] | ———coon 495aa
ERB5 ni— aB | ¢ D] | —————cooH 472aa

Figure 1. Protein domains of estrogen receptor 1, 2 and p5 isoforms. All three isoforms
contfain an amino-terminal region (A/B), a DNA-binding region (C), a hinge region (D)
and an LBD (E). ERp1 also contains a carboxyl-terminal domain (F). Specific regions within
C and E domains are important for receptor dimerization. Activation function 1 domain
(AF-1) and AF-2 domains are required o fransactivate gene expression. The N-terminal
AF-1 domain and the C-terminal AF-2 domain correspond fo ligand-independent

and -dependent transactivation functions, respectively. The DNA-binding domain (DBD)
shares a high degree of homology in the different ER isoforms. aa, Amino acids.

Two clinically important isoforms of
ERp are the ERB2 (also known as ERpcx)
and ER5 (17). ERB2 and ERB5 mRNA
variants share identical sequences with
ERP1 from exon 1 to 7, but miss the se-
quences of exon 8 (18,19). However,
they contain extra sequences which are
distinct from each other, followed by se-
quences that are then identical (20).
Consequently, ER2 and ERB5 proteins
have truncated c-terminal regions, re-
sulting in loss of activation function 2
(AF-2) domains and have differences in
ligand binding domains (LBDs) (17,20)
(Figure 1). ERB2 and ERp5 isoforms can-
not homodimerize, but they can form
heterodimers with ERB1 under the stim-
ulation of estrogens (but not phytoestro-
gens) (16). Overall, much knowledge
about the function and signaling of the
ERp isoforms family came from studies
on ERB1, while the distinct functions of
other ERp isoforms in the prostate re-
main unknown.

Steroidogenic Capacity and ERB

One level of regulation of ERf function
is on the local steroidogenesis of prostate
cells. Various enzymes are essential for
the transformation of steroid hormone
precursors into ligands of the ERp in
prostate cancer (21). One of them, aro-
matase, catalyzes the estrogen biosynthe-

sis from androgens (22). The aberrant ex-
pression of aromatase has an important
role in the development of prostate ma-
lignancy (23). Also, highly expressed en-
zyme 5o-reductase converts testosterone
(T) into dihydrotestosterone (DHT). Fur-
thermore, DHT can be converted to 3f3-
adiol, directly by AKR1C1 or via 3o-adiol
and 17f hydroxysteroid dehydrogenase
(17BHSD6) (24). 3p-adiol is further me-
tabolized to triols by CYP7B1 (25) (Fig-
ure 2). Remarkably, AKR1C1 and
AKRI1C3 enzymes can serve as drug de-
velopment targets in PCa (26).

Indeed, 3p-adiol is considered as the
physiological ligand for ERP (27). This
hypothesis is further supported by the
fact that ERp, activated by 3p-adiol, is
involved in regulating the prostate AR
content in wild-type mice, and in re-
straining epithelial growth (28). In addi-
tion, 3B-adiol is considered a powerful
DHT metabolite since its intraprostatic
protein level is 100-fold higher than that
of estradiol (E2) (29). Notably, 3f3-adiol
has antiproliferative actions which are
not reproduced by 17-estradiol (30).
Activation of ERP by 3f-adiol induces
apoptosis by upregulating the proapop-
totic factor p53 and upregulating modu-
lator of apoptosis (PUMA), an effect
that implicates transcription factor
FOXO3a (31).
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ERB in the Developing Prostate and
Normal Function

Interestingly, prostate morphogenesis
occurs under the control of androgens
and is modulated by estrogens (32).
However, ER is not required in early
stages of prostate development, as it ap-
pears to be expressed in the prostate
after 2 wks in the life of newborn mice
following ERo expression (33). More-
over, in the developing rodent prostate
gland, ERa-induced excessive estro-
genic exposure leads to permanent al-
ternation of the gland including squa-
mous metaplasia, inflammation and
epithelial dysplasia as reported by an in
utero study (34). Notably, the develop-
mental pattern for ERP in the human
prostate is different from the rodent.
ERp expression starts early in fetal wk 7
throughout the urogenital sinus epithe-
lium and stroma, and this high expres-
sion is maintained during ductal mor-
phogenesis. Apparently, ERf is the only
detectable ER in the developing human
fetal prostate. However, by year 11 post-
natally, expression of ER is restricted to
the basal epithelial cells and prostate
stromal compartments, similar to adult
human prostate. (35). Thus, in the devel-
oping human prostate, ERp is the pre-
dominant ER in both stromal and ep-
ithelial cells (36).

In the adult human prostate, ERf is
characterized as an important mediator
of epithelial differentiation (37). The
mechanisms through which ERB main-
tain differentiation involve the degrada-
tion of hypoxia-inducible factor 1a
(HIF-1a) (38). ERB enhances transcrip-
tion of prolyl hydroxylase domain-
containing protein 2 (PHD?2) that hy-
droxylates HIF-1o. and marks HIF for
destruction by the von Hippel-Lindau
tumor suppressor (VHL) (39). Addition-
ally, ERP appears to have antiprolifera-
tive actions which are independent from
the alternations of systemic androgen
concentration and the activation of ERa,
as documented in aromatase-knockout
mice treated with ERB-specific agonists
(40). There, ERP seemed to have a sup-
pressive role in the proliferation pro-
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cess, stimulating the differentiation of
adult prostate epithelial cells.

THE ROLE OF ERp IN PROSTATE
CARCINOGENESIS AND DISEASE
PROGRESSION

Triols

ERB and Isoforms Expression

The role of ERp in the PCa initiation
has been supported by studies using the
ER-knockout (ERKO) mice. ERa-knock-
out mice do not develop prostate cancer
after testosterone and/or estrogen treat-
ment, whereas mice lacking ERp receptor
develop prostate cancer after the addi-
tion of sex hormones, similarly to wild-
type mice (41). This antiproliferative role
of ERP also concurs with immunohisto-
chemical findings in human PCa tissue
samples, suggesting that ERp expression
is lost in high-grade tumors (42,43,44).
Therefore, the loss of ERp may be consid-
ered as a prognostic factor of prostate
cancer.

ERp isoforms in normal and cancerous
prostate are differentially expressed.
Transcriptional and posttranscriptional
regulatory mechanisms may correlate
with this phenomenon. In the transcrip-
tional level, alternative promoter usage
results in various amounts of ERf tran-
scripts. It has been proposed that pro-
moters 0K and ON upstream of exonl
(further described in [45]), are the regula-
tory promoters of ERf expression in the
prostate and that ERBI and ERf2 are
transcribed from both ON and 0K pro-
moters. On the contrary, only the 0K pro-
moter is used for ERB5 transcription. The
control of ON promoter methylation of
CpG islands located in the 5'-flanking se-
quence of the ON promoter results in loss
of expression of ERf during the develop-
ment of PCa. AP-2 regulates the tran-
scription of ERp by acting through a
methylation hotspot of the ON promoter
in prostate cancer cells. Loss of protein
AP-2 allows methylation at the critical
AP-2 binding domain in ERff promoter
(46). Interestingly, very recently, a regula-
tion between ERB2 and ERP1 has been
addressed; ERP2 is proposed to repress
ERpI transcription, thereby affecting its
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tively 3-keto reduction of DHT to 3a-adiol by AKR1C2 followed by 3a- to 3p-hydroxysteroid epimerization by B17b hydroxysteroid dehydrogenase (17bHSD6). No mat-

drotestosterone (DHT) by 5a-reductase. DHT is metabolized to 3g-adiol in two ways; 3-keto reduction of DHT to 3p-adiol by enzyme AKR1C1 (or AKR1C3) or alterna-
ter the origin, 3-adiol is further metabolized to triols by CYP7B1.

Figure 2. Metabolism of estrogen receptor § physiological ligand, 3g-adiol. Aromatase converts estradiol intfo testosterone, which is converted downstream to dihy-
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protective and favorable cellular re-
sponses (47).

The combinations of 5’ untranslated
exons, known as exons 0Xs, are closely
correlated with promoter 0K and are
present in 5" untranslated regions of
ERpB2 and ERP5 but not ERBI. In the
posttranscriptional level, upstream open
reading frames (uORFs) can inhibit
translation of transcripts composed of
exons 0K and 0X. In PCa cells, there is a
lower proportion of ERp2 and ERf5 tran-
scripts containing exon 0Xs than in nor-
mal cells, suggesting that elevated pro-
tein expression in cancer cells promotes
invasion and metastasis (48).

ERB and Oxidative Stress

An important factor favoring PCa initi-
ation is oxidative stress (OS), which is as-
sociated with inflammation, a possible
precursor in neoplastic transformation of
the prostate (49). Interestingly, oxidative
stress is associated with aggressive phe-
notypes of prostate cancer (50) while an-
tioxidants, meanwhile, have a positive
role in prostate cancer chemoprevention
(51). Moreover, cell lines with high
amounts of ERB and a low ratio of
ERa/ERP have a high expression of anti-
oxidant enzymes and uncoupling pro-
teins, resulting in lower oxidative stress
(52). Origins of oxidative stress in
prostate cancer include the mitochondr-
ial hydrogen peroxide (H,0,) production
through cytochrome c oxidation and the
extramitochondrial origin of H,O, via
nicotinamide adenine dinucleotide phos-
phate-oxidase (NADPH) oxidases (53).
PCa cells can produce increased levels of
reactive oxygen species (ROS) and
change the redox status of their microen-
vironment in response to locally pro-
duced transforming growth factor f1
(TGFp1) prooxidant signals as revealed
in DU145 PCa cells (54). Interestingly, ox-
idative stress inactivates ERP by inhibit-
ing the receptor’s dimerization by alter-
ing the second zinc-finger motif in the
ERB structure and therefore destabilizing
its DNA-binding capacity (55). As a re-
sult, ERp loses its ability to regulate vari-
ous genes.

Switching Roles Theory

Recently, a theory of switching roles of
ER during prostate carcinogenesis has
been proposed, based on observations
that elevated ERp protein levels are de-
tected in castration-resistant prostate
cancer cells (CRPC), whereas these levels
are related to lower survival in hormone-
naive prostate cancer cells (HNPC). The
theory suggests that in the early phases
of PCa progression, ERf presents a
tumor-suppressing role and then is al-
tered toward a tumor-promoting agent.
It also proposes that ERp signaling path-
way in HNPC is mediated by Serin210-
phosphorylated androgen receptor
[PAR(S210)], but this observation disap-
pears with the approach of CRPC, when
AR gene stimulation takes over, perhaps
in relevance to the lower levels of andro-
gen in the body. The exact cause of this
switch is not fully understood and the
pathway that triggers the connection be-
tween pAR(S210) and ERf in HNPC, if
any exists, is currently unknown (56,57).

ERp Isoforms during Prostate Cancer
Progression

Multiple variants of ERp exist, having
possibly significant roles in PCa patho-
physiology. Recent evidence suggests
that apart from enhancing proliferation,
ERP2 promotes cancer cell migration and
invasion, inducing the expression of fac-
tors involved in bone metastasis (58). In
addition to elevated levels of ERB2 asso-
ciated with epithelial-to-mesenchymal
transition (EMT), ERB2 may have the
ability to suppress the expression of
ERP1 (47,59), leading to EMT (59). After
immunolocalization of gastrin-releasing
peptide receptor (GRPR) in human PCa,
the association of ERf2 with PCa was
first determined by Nagasaki ef al., indi-
cating a correlation between immunore-
activity of GRPR, Gleason score and
ERP2, supporting the hypothesis that
ERP2 contributes to prostate carcinogen-
esis through GRPR expression in PCa
cells (60). Apparently, ERB2 and ERB5
can act as cancer-enhancing molecules
involving cell migration and invasion
under specific circumstances (17).
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ERa and Epithelial-to-Mesenchymal
Transition (EMT)

It is well documented that high grade
PCa cells lose their epithelial characteris-
tics and exhibit mesenchymal features,
including increased hypoxia-inducible
factor-1a, vimentin and vascular en-
dothelial growth factor (VEGF) expres-
sion (38) and loss of the E-cadherin, an
epithelial cell adhesion protein, events
typical of EMT phenomenon (61,62).
3p-adiol, the natural ligand of ERp, pro-
motes binding of dimerized ERp to DNA
promoter of E-cadherin (CDH1), stimulat-
ing its transcription (29). Hypoxic expo-
sure and TGFp1 signaling can induce
EMT and decrease ERP expression in
both AR-dependent and AR-independent
cells. Similarly, silencing of ERf with
short hairpin RNA techniques was ade-
quate to promote EMT (38). The mecha-
nism by which ER activation by 3f3-adiol
is associated to EMT inhibition in PCa
cells involves the degradation of hypoxia
inducible factor 1o (HIF-1a), a crucial
EMT factor (38). HIF-1lo-inducible genes,
such as lysil oxidase (LOX), an enzyme
that catalyzes cross-linking of extracellu-
lar matrix, and transcription factor
TWIST, mediate epithelial dedifferentia-
tion, leading to invasion and metastasis
of the prostate cancer (63,64). Thus, ERp
acts as the “gatekeeper” of the epithelial
phenotype in the prostate gland.

ERB AS A USEFUL THERAPEUTIC TARGET
FOR PCA TREATMENT

In addition, many reports have shown
the antiproliferative role of ERp in PCa
cells, suggesting that ERP is a promising
therapeutic target for PCa therapy and
prevention. Indeed, Walton and partners
have induced apoptosis of PCa cells by
using histone deacetylase inhibitor and
DNA dimethylating agents to release
ERp expression from epigenetic silencing
(65). Moreover, restoration of ERf ex-
pression using adenoviruses has resulted
in the suppression of cellular invasion
and proliferation of DU145 PCa cells
(66). Furthermore, high levels of ERB1
did result in cell cycle arrest in early G1
phase in LNCaP cells (14). Recently, ERf



has been proposed to affect PCa acting as
a cell cycle regulator, controlling the ex-
pression of cyclin D1 (CCND1) and af-
fecting its downstream pathway (67),
supporting further the notion that restor-
ing ERp expression may provide a new
promising therapeutic approach for PCa.

Indeed, immunohistochemical studies
have suggested that high grade tumors
express ERp (68) and that human PCa
DU145 cells have the ability to activate
ERp by generating specific ligands by the
transformation of androgen precursors
produced by stromal cells (54). However,
local paracrine signals and ROS of stro-
mal cells can limit the antitumor activity
of ERP. Enzymes responsible for de novo
steroidogenesis are not highly expressed
in prostate gland, thus androgen metabo-
lites may be the main ligand sources for
ER-dependent signaling (69). In addition,
in obese patients, aromatase enzyme is
downregulated in prostate stroma sug-
gesting that obesity can alter sex steroid
production in stromal cells (70). There-
fore, any treatment aiming toward the
regulation of ERf activity also should
address the regulation of steroidogenesis
in prostate tissue, thus targeting tumor
microenvironment.

ERpB Agonists

Having in mind the ER} tumor-
suppressing functions, researchers have
been interested in the development of
specific agonists (71). In a study that in-
vestigates the therapeutic potential of 8f-
VE2, a potent synthetic selective agonist
for ERp, using AR-knockout (ARKO)
mice, researchers suggested that ERp is
responsible for androgen-independent
apoptosis in prostatic stroma and epithe-
lia, an effect that requires tumor necrosis
factor-o. (TNFa) signaling. Moreover, the
same study showed that 83-VE2-activated
ERp induces apoptosis in androgen-
independent PCa cells including PC3
and DU145, as well as in primary
human PCa xenografts. The pathway
that mediates the link between ERf and
TNFao, if any exists, is not currently
known, although the authors docu-
mented caspase-8 and -3 activation (72).
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Figure 3. Schematic representation of ERB-mediated antitumor pathways. After receptor
dimerization, ERB enhances expression of E-cadherin, a protein that maintains epithelial in-
tegrity by blocking EMT. In addition, ERB upregulates transcription of PHD2 and FOXO3a. In
turn, PHD2 marks HIF-1o. for destruction, resulting in the suppression of the oncogenic
genes LOX, VEGF and TWIST and therefore preventing epithelial dedifferentiation, invasion
and metastasis. ERB through FOX3a, induce apoptosis by upregulating the proapoptotic
factor PUMA and cell cycle regulators p21 and p27. ERB anfitumor effects are inhibited by
oxidative stress and paracrine signals including TGF- signaling and hypoxia.

A selective estrogen-receptor modulator
(SERM) named ICI 182,780 exerted a
dose-dependent growth inhibition action
on DU145 cells, which was mediated by
ERB (73) through binding to NF-xB and
enhancement of transcription factor
FOXOT1. Additionally, another SERM,
raloxifene, induced the apoptosis and in-
hibited proliferation of both androgen-

MOL MED 20:427-434,

dependent and -independent cell lines
via the activation of ER, lowering Bcl-2
expression, and increasing caspase-3 and
Par-4 levels (74,75).

Although preclinical studies described
above point out the protective effect of
ERB, the clinical utility of ERp-selective
agents in the treatment of men with PCa
has never been proved. A possible rea-
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son for the inconsistency between in
vitro and in vivo findings is that the
prostate cancer cell lines (LNcAP, PC-3,
DU145) used in in vitro studies exhibit
differential expression profiles of the nu-
clear receptors (AR, ERa and ERf and
cannot represent the human tissue. Fur-
thermore, these model cell lines are not
reflecting the complex cross-talk be-
tween AR, ERa and ERf and other stro-
mal:epithelial interactions known to
occur in vivo (76).

Phytoestrogens

Phytoestrogens are natural com-
pounds that mimic the biological activ-
ity of estrogens with a binding prefer-
ence for ERp (77) and have the ability to
upregulate ERf, which is lost during
PCa progression. Mice with PCa lacking
ERa or ERp treated with phytoestrogens
showed that cancer did not progress in
ERaKO mice whereas ERBKO mice pre-
sented an increasing incidence of poorly
differentiated carcinoma (Gleason scores
4 and 5) (78). Re-expression of ERf via
phytoestrogens elicited antiandrogenic
effects, including downregulation of AR
and its coactivators (79). In addition,
many phytoestrogens were found to
stimulate the expression of p21 (cyclin-
dependent kinase inhibitor 1) through
ER, including genistein and silymarin (a
polyphenolic flavonoid extracted from
plant Silybum marianum) (80,81). Ongo-
ing studies suggest that phytoestrogens
can be used in treatment and/or preven-
tion of PCa, as supported by findings
that men who receive a rich phytoestro-
gen diet present a lower incidence of
PCa (82).

CONCLUSION

ERP has been proposed as a mediator
of epithelial differentiation and as an
antiproliferative molecule, mediating
many molecular pathways on PCa. ERf
protects epithelial integrity and block
EMT by upregulating transcription of
E-cadherin (CDH1), an epithelial adhe-
sion protein. Furthermore, ER} upregu-
lates the expression of PHD?2, that hy-
droxylates the tumor enhancer HIF-1a

and marks HIF for destruction by the
von Hippel-Lindau tumor suppressor
(VHL). ERp signaling has antiprolifera-
tive effects on the prostate, enhancing
the expression of FOXO3a, and conse-
quently upregulating apoptotic genes
including PUMA, a proapoptotic pro-
tein, and p21, a regulator of cell cycle
progression. However, ERp is sensitive
to putative changes in tumor microen-
vironment, thus hypoxic conditions and
TGFp1 signaling diminish ERp levels
and alter its action, favoring PCa pro-
gression (Figure 3).

Despite its tumor-suppressing role,
ERP has also been proposed as a cancer-
promoting factor. Interestingly, higher
levels of ERp correspond to lower sur-
vival in HNPC cells through the activa-
tion of pAR(s210), although the exact
mechanism remains unknown. Addition-
ally, ERB1 has been proposed to form a
complex with AR, resulting in the tran-
scription of AR-dependent genes in PCa
(76). Moreover, its spliced variants, ERB2
and ERP5, have tumor-promoting actions
and are stimulated after dimerization
with ERB1. Although regulation of ERf1
expression occurs mainly at the tran-
scriptional level, ERS2 and ERfB5 expres-
sion is controlled at both the transcrip-
tional and posttranscriptional levels, via
complex interactions that involves pro-
moter methylation on CpG islands and
uORFs. Further findings are needed to
elucidate the exact molecular functions
of these isoforms.

Future studies should focus on under-
standing the molecular mechanism gov-
erning the controversial findings on ERp
function and its spliced variants in can-
cerous prostate to develop ERpB-based
therapeutic agents for prostate cancer
treatment and other estrogen-dependent
processes (83).
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