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Abstract Together with the estrogen receptor (ER) alpha,
estrogen receptor beta (ERf}) mediates many of the phys-
iological effects of estrogens. As ERf is crucially involved
in a variety of important physiological processes, its
activity should be tightly regulated. ERf regulation is
achieved by hormone binding as well as by posttransla-
tional modifications of the receptor. Furthermore, ERf
expression levels are under circadian control and can be
regulated by DNA methylation of the ERfi promoter
region. There are also a number of factors that can interfere
with ERf activity, such as phytoestrogens, endocrine dis-
ruptive chemicals, and growth factors. In this article, we
outline different mechanisms of ERf regulation and how
they are implicated in various diseases. We also discuss
how these insights might help to specifically target ERf in
drug design.
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Introduction

Many of the physiological actions of estrogens are medi-
ated by the two estrogen receptor (ER) subtypes, alpha and
beta (ERo and ERf) that belong to the nuclear receptor
(NR) superfamily. The ERs are not only indispensable for
development and function of the female reproductive
organs, but also play important roles in, e.g., male repro-
duction and maintenance of bone mass, as well as in the
cardiovascular, central nervous, and immune systems
[1, 2]. The ERs are transcribed from different genes located
on separate chromosomes, and display discrete expression
patterns as well as distinct ligand specificities. It has
become clear that ERf has functions that are distinct from
those of ERa. This is, for example, illustrated by the fact
that mice lacking ERf (fERKO) display a very different
phenotype than those devoid of ERo (ERKO). Analyses of
these mice have shown that ERo is the main player in
mediating female reproductive functions whereas ERf is
more important in non-classical target tissues, such as
prostate, colon, and cardiovascular and central nervous
systems. fERKO mice develop hypertension and malig-
nancies in colon and prostate, and show increased anxiety
[1].

Involvement of ERf in these processes implies that its
activity should be tightly regulated. This is achieved on
several levels. First of all, ERf} acts as a classical ligand-
induced transcription factor. Like ERo, it is activated by
estrogens, of which 17-f-estradiol (E2) is the main form
in humans. Many exogenous compounds are known to
compete with estrogen binding, including plant-derived
substances (phytoestrogens), man-made chemicals, and
drugs targeting the ERs. These compounds can either act as
agonists or antagonists, thus activating or inhibiting ER
function. Additionally, a number of chemicals interfere
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with ER signaling without direct binding. Furthermore,
ERf function is regulated at the transcriptional as well as at
the posttranslational level. Posttranslational modifications
have been shown to fine tune ERf activity, both in the
absence and presence of E2. This is an important mecha-
nism by which other signals, such as growth factors, can
modulate ER transcriptional activation. Finally, ERf
expression has been shown to be regulated both by mem-
bers of the circadian machinery and by DNA methylation
of its promoter.

In this article, we will outline the different mechanisms
by which ERf activity is regulated and will discuss how
they are implicated in common disorders and diseases. In
the first four sections, we will illustrate how ERf activity is
affected by endogenous and exogenous signals; in the last
two sections, we will discuss how ERf protein levels can
be regulated.

The estrogen receptor beta: structure and signaling
upon hormone induction

ERp structure

Like all the NR family members, ERf displays a modular
structure consisting of six functional domains labeled A—F
(Fig. 1a). The A/B domain that is most variable between
the NR family members is located in the amino terminal
part of the protein. This domain mediates transcriptional
activation through recruitment of coactivator proteins.
ERf was long suspected to lack a functional transcrip-
tional activation function; however, recent experiments
have demonstrated that indeed the A/B domain of ERp
does interact with certain transcriptional coactivators
[3, 4]. Adjacent to the A/B domain lies the highly con-
served C-domain containing the DNA-binding function,
followed by the flexible D-domain, which acts as a
“hinge” between the C and E domains and also comprises
a nuclear localization signal. The E-domain mediates
ligand binding and contains a dimerization interface and
an additional nuclear localization signal. Although the E
domains of ERa and ERf are only 56% identical at the
amino acid level [3], both ERs bind estradiol with high
affinity [5]. However, the existing differences provide a
basis for distinct responses to certain compounds, i.e.,
subtype-selective ligands [6]. Finally, the F domain resides
in the carboxy terminus of the ER, which seems to have a
complex regulatory role [2]. Both ERs display two acti-
vation functions, AF-1 in the A/B domains and AF-2 in
the E domain, and synergy between these two functions
leads to full transcriptional activity [7].

To date, five full-length ERf splice variants have been
described in human, ERf1-5 [8, 9], reviewed in, e.g., [2].
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Fig. 1 ERp structure and signaling mechanisms. a Domain structure
of full-length ERf (ERf1) and its isoforms ERf2-5. b I “Classical”
ER activity through direct binding to estrogen response elements
(EREs); II activated ERs signal through protein—protein interactions
with other transcription factors, such as AP-1 or Sp1; III non-genomic
activity involves other signal transducers and causes rapid responses

They arise from differential splicing of the last exon
(Fig. 1a). ERf1 (mostly referred to as ERf) is the full-
length receptor consisting of 530 amino acids coded by
exons 1-8. ERf2-5 share exons 1-7 with ERf1 but
display unique sequences instead of exon 8. These dif-
ferences in the C-terminal part of ERf2-5 result in a
truncation of the LBD and ablation of the AF2. Thus,
ERf1 is the only isoform that is able to bind ligand. In
contrast to ERf1, ERf2, 4, and 5 cannot form functional
homodimers [10]. Nevertheless, they have been shown to
heterodimerize with both ERf1 and ERa, the latter
resulting in inhibition of ERa function [2]. ERfS3 expres-
sion is thought to be restricted to testis and functional
studies using this isoform are lacking. Interestingly,
changed ratio of these splice variants have been found in
several cancers, e.g., in breast (reviewed in [11]) and in
ovary [12]. However, results regarding the correlation of
ERf isoform expression and parameters such as tumor
progression, success of treatment, and relapse have been
contradictory as yet.
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ERJ signaling

ER signaling in response to hormone can be divided into
two discrete modes of action, often referred to as geno-
mic and non-genomic activity (reviewed in [13]). The
classical, genomic ER signaling occurs through direct
binding of ligand-bound ER dimers to ERE sequences in
the regulatory regions of estrogen responsive genes
(Fig. 1b I). The ERE consensus sequence consists of two
half-sites and two 5-base pair inverted repeats, separated
by any three base pairs, GGTCAnnnTGACC. EREs can
be located both at the proximal promoter regions [14]
and far away from the transcriptional start site [15].
Another type of genomic activity occurs through an
indirect association with promoters by protein—protein
interactions with other transcription factors, such as AP-1
or Spl [16] (Fig. 1b II). Both ER« and ERf are able to
modulate gene expression by either classical ERE-medi-
ated signaling, or by interacting with other transcription
factors like AP-1 and Spl.

Upon ligand binding, the LBD undergoes a structural
change to provide a binding surface for cofactors such as
pl60 coactivators [17]. Crystallographic studies have
revealed that the LBDs of both ERs have a similar struc-
tural design where the AF-2 interaction surfaces are
exposed when ER agonists are present [17]. Both in the
absence and presence of ligand, ERs exist as multiprotein
complexes with coregulator molecules. The coregulators
can either stimulate or inhibit transcription; hence, they are
referred to as coactivators (e.g., SRCI1, TIF2, AIB1) or
corepressors (e.g., NCoR, SMRT), respectively. For ERq, it
has been shown that recruitment of the receptor as well as
complexes of coactivators to EREs occurs in cycles [18].
Furthermore, chromatin remodeling events as well as rapid
DNA methylation and demethylation accompanies the
cycling of productive transcriptional complexes on active
ERo-regulated promoters [18-20].

The second mode of action, referred to as non-genomic
activity, has been shown to involve ER interactions with
cytoplasmatic signal transduction proteins, such as MAPK,
Stats, and members of the Src family of tyrosine kinases
[21-23] (Fig. 1b II). This activity is characterized by rapid
effects in response to E2, and membrane-localized ERs
have been reported to mediate this signal transduction
[24, 25].

Modulation of ERf activity by phytoestrogens

Phytoestrogens are plant-derived di- or poly-phenolic
compounds that are structurally similar to estrogens and
thus induce estrogenic responses in mammals. The main
classes of phytoestrogens are the flavonoids, lignans, and

coumestans. Within the flavonoid class, the two major
subgroups are the flavones and isoflavones. The flavone
group consists of flavones (apigenin: found in celery and
parsley), flavonols (quercetin and kaempferol: found in
onion and leafy green vegetables), and flavanones
(naringenin and liquiritigenin: found in grapefruit and
liquorice). The isoflavones consist of genistein, daidzein,
and glycitein, which are found in soybeans and soy prod-
ucts, while formononetin (plant precursor of daidzein) and
biochanin A (plant precursor of genistein) are abundant in
clover. In addition to the parent compounds, isoflavone
metabolites have also demonstrated estrogenic properties
including equol and O-desmethylangolensin (O-DMA), gut
microbe-derived metabolites of daidzein, and also the
glyceollins and phytoalexins synthesized in the plant in
response to stress. Among the flavonoids, the isoflavone
genistein has been studied most extensively for its potential
role in modulating ER signaling and human health. The
lignans consist of secoisolariciresinol, matairesinol,
pinoresinol, sesamin, and lariciresinol, to name a few, are
abundant in cereals and oilseeds, as well as in various fruits
and vegetables. These compounds, are converted by the gut
microflora to the mammalian lignans, enterolactone and
enterodiol, which have demonstrated weak estrogenic
properties. Within the coumestan class, coumestrol is the
most potent phytoestrogen and it is found in alfalfa, clover,
sprouts, and legumes.

Phytoestrogen binding and activation of ERf

It was reported more than 10 years ago that phytoestrogens
can bind and activate the ER. Of particular interest was the
finding that many phytoestrogens bind with a higher affinity
to ERf compared to ERa, suggesting that they may induce
physiological effects through this ER subtype [26]. How-
ever, because of their chemical structural differences, not
all phytoestrogens have equal binding affinities for ERf.
Since there are many different experimental models used to
assess binding affinity, as well as the use of different phy-
toestrogens and their metabolites, it is difficult to compare
the relative potencies of different phytoestrogens for ERp.
In one study using radioligand binding assay, the order of
the relative binding affinity for ERf was coumestrol >
genistein > apigenin > kaempferol > daidzein > naringenin
> quercetin > formononetin = biochanin A [26]. In another
study using fluorescence polarization technology, the order
of potencies for binding to ERf was coumestrol > genistein
> equol > and enterolactone (ENL) [27]. Using both
binding assays, phytoestrogens bound with a greater affinity
to ERf3, with the exception of ENL which, albeit weak, had
a higher affinity for ERo [27, 28]. Importantly, it has been
demonstrated that at least ENL requires cellular transfor-
mation to become a high affinity ER« ligand; however, the
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molecular mechanisms and factors involved in this
conversion are still not known [28].

Although ER ligand binding may be the first step in the
activation of the signaling pathway, the degree to which a
compound binds to the ER may not necessarily reflect its
ability to activate ER signaling. For example, using human
293 embryonic kidney cells transiently transfected with
ERo or ERf, as well as an ERE-luciferase reporter gene,
the order of the relative transcriptional potencies of the
phytoestrogens through ERf was genistein > coumestrol >
daidzein > biochanin A = kaempferol > apigenin >
naringenin > formononetin [26]. Here, it can be noted that
while biochanin A had the weakest affinity for binding to
ERpf, it was a stronger inducer of ERf transcriptional
activation compared to other phytoestrogens with greater
binding affinities, highlighting that binding affinity alone
does not necessarily predict the potency of a phytoestrogen
to activate ERf} signaling. Furthermore, it should be noted
that the phytoestrogen concentrations required to activate
transcription through both ERo and ERf are generally less
than 1 pM, which are concentrations physiologically
achievable in humans after consumption of phytoestrogen-
rich foods or supplements. This indicates that while these
compounds can activate ERf signaling at lower concen-
trations than required to activate ERo, in tissues expressing
both ER subtypes, activation of both ERa and ERf may
occur.

Factors contributing to the effects of phytoestrogens
on ERf

There are many factors which could modulate the ability of
phytoestrogens to induce ERf-mediated effects, including
the expression of coregulatory proteins in various tissues,
the gene and promoter context, the expression levels of
ERo and ERp, the formation of homo- and heterodimers,
and the hormonal milieu of the tissue. The differences in
chemical structures of phytoestrogens result in differences
in the ER tertiary structure induced upon ligand binding
[29]. Since the conformational change results in the
exposure of ER regions capable of binding various coreg-
ulatory proteins, different phytoestrogens may result in the
recruitment of different coregulatory proteins [30]. For
example, genistein has been shown to induce a confor-
mational change to ERp that differs from that of E2 [29].
Genistein also causes the recruitment of different coregu-
latory proteins depending on the ER subtype expressed
[27, 30-32]. For example, in cells only expressing ERa,
low dose genistein (6 nM) does not recruit RIP140; how-
ever, it does when cells coexpress ERo and ERf [31].
Liquiritigenin, a flavanone found in liquorice plants, also
recruits coactivator proteins in an ER subtype-specific
manner. Even though this phytoestrogen can bind with

similar affinity to both ER subtypes, it selectively activates
transcription through ERf and specifically recruits SRC-2
to ERf5. Additionally, genistein can induce ERa and ERp
homo- and heterodimers, while liquiritigenin can induce
ERp homodimers and ERo/f heterodimers but not ERo
homodimers [33]. Thus, depending on the phytoestrogen
and the level of ERa and ERf coexpression, the effects
induced by these phytoestrogens may differ. Another
potential modulator of phytoestrogen action through ERf
may be the level of ERf isoforms (ERfS1-5) expressed in
various tissues. It has been shown that, while ERf1 is fully
functional, the other isoforms must heterodimerize with
ERf1 in order to activate transcription [10]. While E2 is
capable of inducing ERf isoform heterodimers, the phy-
toestrogens, genistein and apigenin, do not. Genistein and
apigenin were shown only to induce ERfi1 homodimers.
Therefore, depending on the expression of the ERf iso-
forms, different physiological effects may occur upon
stimulation by phytoestrogens.

Although many studies have been conducted to deter-
mine the potential effects of various phytoestrogens on
ER -mediated responses in vitro, in vivo the reality is that
these compounds, once consumed, are rapidly metabolized
and biotransformed. The resulting metabolites (hydroxyl-
ated and reduced forms, and sulfuric and glucuronic acid
conjugates) may induce different effects in vivo compared
to their phytoestrogen parent compounds. One study
showed, for example, that daidzein, its gut metabolites
(equol and O-DMA) and sulfinated conjugates (daidzein-
7-sulfate, daidzein-4-sulfate, diadzein-4,7-disulfate) all
have different abilities to activate ERpf-mediated tran-
scription [34]. Daidzein was the strongest inhibitor of
ERf-transfected Hela cell growth, followed by equol, then
daidzein-7-sulfate, while O-DMA, daidzein-4-sulfate, and
diadzein-4,7-disulfate did not have an effect on cell growth
in these cells. It is now well known that only 30% of the
population bears the specific gut microflora capable of
converting daidzein to equol [35]. Thus, there may be a
wide range of daidzein metabolites and conjugates circu-
lating in different humans. Similarly, differential binding
affinities were observed for genistein and its conjugates
with genistein-4-sulfate having a stronger affinity for ER
binding than genistein, followed by genistein-7-sulfate [36].
Thus, depending on how daidzein and genistein are
metabolized in vivo, the effects on ERo- and ER f-mediated
responses, and resulting physiological effects, may differ.

Another important factor which can determine the
physiological effects of phytoestrogens is the enantiomeric
state of the compound. Equol, for example, can exist as
S- and R-stereoisomers. It has been shown that the
R-enantiomer has a higher binding affinity and is a selective
transcriptional activator of ERa, while the S-enantiomer has
a higher binding affinity for ERf, but equally transactivates



Regulation of estrogen receptor beta activity

3877

ERo and ERf [37]. In mice administered a racemic mixture
of R- and S-equol, significant uterotropic and vaginal epi-
thelium growth were observed, which are indicative of an
ERua response [38]. On the other hand, a clear increase in
vaginal mucification was induced by equol, which has been
suggested to demonstrate an ERf-mediated effect [39].
Since only the S-equol isomer has been detected in human
serum after consumption of a soy-based food [40], experi-
mental studies utilizing racemic mixtures, or the
R-enantiomer of equol, may demonstrate physiological
effects that do not reflect those that could occur in humans.

Although it is quite clear that individual purified phy-
toestrogens and their metabolites can bind and activate
ERJf, human exposures to phytoestrogens do not represent
single compounds, but a mixture of different phytoestro-
gens and metabolites. These mixtures may induce different
physiological effects compared to a single phytoestrogenic
compound. With regards to ERf signaling, it was shown
that when genistein, daidzein, and equol were combined
(a natural mixture of phytoestrogens after consumption of
soy-based foods) the selectivity for ERf binding increased,
compared to genistein alone [41]. It has also been shown
that by combining different phytoestrogens (coumestrol
and enterolactone) the number of regulated genes in
MCF-7 breast cancer cells dramatically increased com-
pared to the same concentration of either phytoestrogen
alone [42]. Since MCF-7 cells contain primarily ER«, the
effects of such combinations in cells coexpressing ERo and
ERf may also display differential gene expression patterns
when exposed to mixtures of different phytoestrogens. To
more accurately reflect human exposures to phytoestro-
gens, further studies are required to determine the role of
phytoestrogen mixtures on ER signaling.

Phytoestrogens, ERf3, and cancer
Colon cancer

The role of ERf} in colon carcinogenesis has received much
attention in recent years. This is because, in the normal
colon mucosa, ERf is the prevalent ER subtype expressed,
while in colon tumors, ERf expression is considerably
reduced [43, 44]. Thus, it is possible that compounds that
can promote the expression and activation of ERf signal-
ing in the colon may help to reduce the incidence of colon
cancer. In vitro, a mixture (1:1:0.2) of soy isoflavones
(genistein, daidzein, and glycetin) was found to reduce
DLD-1 colon cancer cell growth, which was also accom-
panied by an increase in ERf gene and protein expression
[45]. Treatment of HT29, Colo320, Lovo, and SW480
colon cancer cells (all of which express ERf) with geni-
stein also resulted in a reduction of cell growth in all cell
lines, with the exception of SW480 [46]. Furthermore, rats

exposed to low (40 mg/kg) or high (1,000 mg/kg) dietary
soy isoflavones throughout life (in utero and postnatally)
and subsequently exposed to the colon carcinogen
azoxymethane (AOM) in adulthood, had reduced colon
tumor size and burden and enhanced ERf expression [45].
This demonstrates the potential for isoflavones to reduce
colon carcinogenesis, which may potentially be through the
modulation of ERf signaling. Similar effects were
observed in an earlier study in which rodents were fed soy
protein throughout life; however, when exposure was
limited to in utero, a significant increase in tumor multi-
plicity occurred [47]. This may potentially demonstrate the
importance of timing of exposure to phytoestrogens in the
effects induced on colon carcinogenesis.

Breast cancer

With regards to the treatment of breast cancer, the role of
phytoestrogens has been the topic of considerable debate
[48]. It is well known that ER-positive breast cancers are
stimulated by estrogens; thus, exposure to phytoestrogens
may also enhance tumor growth (as summarized in
Table 1). In vitro experiments, in which ER-positive human
breast cancer cells are treated with various phytoestrogens,
including isoflavones genistein [49], daidzein, and equol
[50], flavone apigenin [51-53], and mammalian lignan
enterolactone [54], all enhance cell growth through
ER-mediated mechanisms, at physiological relevant doses.
In vivo, this phenomenon has also been observed for the
isoflavone genistein. In mice bearing MCF-7 breast tumors,
genistein, as well as isoflavone-rich soy protein, enhances
tumor growth, and interferes with the tumor inhibitory
effects of the antiestrogen, tamoxifen [55-57]. Furthermore,
a soy supplement (containing 45 mg isoflavones) given to
women for 2 weeks enhanced nipple aspirate pS2 expres-
sion, which is indicative of an estrogenic response in the
breast, demonstrating estrogenic effects in humans as well
as rodents [58]. These findings have raised concern about
the consumption of phytoestrogens by breast cancer
patients, especially postmenopausal women, in which
endogenous estrogens are low and thus tumor growth could
be stimulated by phytoestrogens. On the other hand, using
similar in vivo mouse models, isoflavones daidzein and
equol [50], the mammalian lignans [59], and the flavanone
liquiritigenin [60] induced either no or very weak tumor
stimulatory effects, demonstrating that the ER modulating
effects observed in vitro do not always translate to the
effects observed in vivo.

The tumor growth stimulatory effects of phytoestrogens
in breast cancer cells and genistein in breast tumors have
been attributed to the activation of ERa. MCF-7 and T47D
cells have much higher ER« expression compared to ERf,
and thus the physiological effects of phytoestrogens acting
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Table 1 Summary of the effects of selected phytoestrogens on hormone sensitive human breast cancer growth in vitro and in vivo

Phytoestrogen ER binding preference

In Vitro cell-based models

In Vivo effects

Isoflavones and metabolites

Stimulates MCF-7 and T47D cell growth [49, 52,
61]; Reduces the growth of T47D cells

Stimulates MCF-7 tumor
growth in athymic nude mice

overexpressing ERf} [64] [55]

Stimulates MCF-7 [53], T47D cell growth [52];

Weak stimulator of MCF-7
tumor growth in athymic
nude mice [50]

Does not stimulate the growth
of MCF-7 tumors [50]

No studies conducted

Reduces MDA-MB-231 cell growth through ERf

Stimulates MCF-7 and T47D cell growth [61] and

No studies conducted

reduces growth of MDA-MB-231; Reduces the
growth of T47D cells overexpressing ERf [61]

Genistein ERp [26]
Daidzein ERf [26] Stimulates MCF-7 cell growth [36]
(£)Equol ERf [37] Stimulates MCF-7 cell growth [36]
Flavones
Apigenin ERp [5]

[51]
Quercetin ERf [26]
Naringenin ERf [26] Stimulates MCF-7 growth [53]
Liquiritigenin Similar for ERo and ERf; No studies conducted

ERp activator only [60]
Lignan metabolite

Enterolactone ER«x [27, 28]

Stimulates MCF-7 cell growth [54]

No studies conducted

Does not stimulate the growth
of MCF-7 tumors [60]

Does not stimulate the growth
of MCF-7 tumors [59]

through ERf may not be demonstrated in these breast
cancer models. Since phytoestrogens can bind and activate
both ER subtypes in a concentration-dependent manner, it
has been hypothesized that, depending on the tissue
expression levels of ERo and ERf, different physiological
effects may result upon exposure to different phytoestro-
gens. In stably transfected T47D cells, in which ERf
expression is regulated by tetracycline, the effects of phy-
toestrogens genistein and quercetin differs depending on the
level of ER expression [61]. When ERf expression is low,
the phytoestrogens stimulate cell growth; however, when
ERJ expression is high, the growth stimulatory effects were
negated, with quercetin inducing the greatest effect. This
study, as well as others [62—64], demonstrates the ability of
ERJ to modulate the proliferative effects induced by ERa.
Thus, phytoestrogens may have more beneficial effects in
breast cancer patients in which tumors express ERf3, more
so than those which express predominantly ERa.

Endocrine disruptive chemicals interfering
with ERp activity

Some environmental contaminants have the potential to
interfere with the endocrine system, a scenario referred to
as endocrine disruption. This phenomenon has raised
worldwide concern during the last decades. Endocrine
disruptive chemicals (EDCs) pose a documented risk to

wildlife and ecosystems. In addition, EDCs have been
shown to exert numerous hormone disruptive activities in
vitro and in experimental animals. These factors, in com-
bination with the increased incidence in certain endocrine-
related human diseases, have led to the assumption that
EDCs are also potential health threats in humans [65].

EDCs targeting ERf

The ligand-binding cavity of the ERs can interact with a
wide variety of structurally diverse compounds, which
leads to susceptibility for EDC action. There are several
known examples of xenoestrogens that are widespread in
the environment and have been found in human samples.
Plasticizers, detergents, herbicides, and pesticides are
classes of chemicals that have been shown to act disrup-
tively on estrogen signaling in vivo, including
methoxychlor, chlordecone, octylphenol, bisphenol A and
B, nonylphenol, and ethynyl estradiol. In a recent review,
the effects of several EDCs on the female reproductive
system in mammals were summarized and discussed [66].
The author concludes that many EDCs disturb ovarian and
uterine functions by targeting steroidogenesis pathways,
but the effects are highly variable and both ER-dependent
and -independent. For most in vivo data of EDCs affecting
estrogenic signaling, the molecular mechanisms remain
largely unknown. In particular, the involvement of ERf is
unexplored. In many cases where the effects seem to be
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receptor-mediated, the focus has either been on ERq, or the
ERa- and ERf-mediated activities have not been assessed
separately. However, many in vitro studies (ligand-binding
assays, reporter gene assays, etc.) have demonstrated that
several xenoestrogens act more potently via ERf} than via
ERa. For instance, in a screening of xenoestrogenic and
phytoestrogenic substances, Kuiper et al. [26] reported
relatively high binding affinities of several of these com-
pounds for ERf, in comparison with ERa. Also, Balaguer
and coworkers [67-70] have performed multiple screens of
xenoestrogens in reporter cell lines, where the ERf-medi-
ated activities have been assessed. In the following section,
we will discuss selected EDCs acting on the estrogenic
signaling in mammals and where ERf involvement has
been suggested (summarized in Table 2).

Polychlorinated biphenyls

Polychlorinated biphenyls (PCBs) are environmental con-
taminants that have been found at high levels in human
samples, like adipose tissue, breast milk, and ovarian fol-
licle fluid [71-73]. Depending on their chemical structure,
PCBs may act disruptive on estrogen, androgen, or thyroid
hormone receptors and have been demonstrated to exert
numerous adverse effects on reproduction, the immune
system, and development [74-77].

In porcine ovaries, PCB3 was found to downregulate
expression of ERff while no effect was seen on ER« levels
[78]. This suggests that PCB3 may act as an agonist of
ERJf, which is predominant in the ovary. This report is in
line with data showing that certain xenoestrogens are more
potent on ERf than on ERa, measured by coactivator

Table 2 Effect of EDCs on ERf function

recruitment and transcriptional activity [30]. Cappelletti
et al. [79] reported that ERf mRNA levels were upregu-
lated in breast cancer cells in response to several
xenoestrogens (e.g., biphenyls) while ERa expression did
not change. The ERf increase was dependent on the
presence of ERa. These results support a role for ERf in
mediating xenoestrogenic effects and in controlling ER«
transcriptional activities, also observed by others [62, 63].

Aroclor 1221 is a commercial PCB mixture and has
been shown to exert mainly estrogenic activities [80].
Salama et al. [81] investigated the neurobiological effects
in rats prenatally exposed to Aroclor 1221. The effects on
ERJ in the anteroventral periventricular nucleus (AVPV), a
sexually dimorphic region in the brain that controls
reproduction, were assessed. In Aroclor-treated rats, the
expression of ERfS in AVPV was strongly inhibited,
resulting in a masculinizing effect. These results indicate
that low-dose exposure to Aroclor and related compounds,
via ERp, has the potential to disturb reproductive success.

Polychlorinated dibenzo-p-dioxins

Polychlorinated dibenzo-p-dioxins (PCDDs) and dib-
enzofurans (PCDFs) are byproducts from various industrial
processes and incineration reactions. These pollutants are
omnipresent in the environment and ingested primarily
through contaminated food. The most toxic of the PCDD
congeners, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),
has been found in human blood, adipose tissue, and breast
milk. TCDD acts through the aryl hydrocarbon receptor
(AhR) and has anti-estrogenic effects in vitro and in vivo,
suggesting that a complex interplay between AhR-ER

EDC Effects on ERf References
PCBs Estrogenic in vitro [30, 78-81, 94]
PCB3 Porcine ovary: ERf protein |

Aroclor in utero (rat)

Brain (AVPV): ERp protein |

Biphenyls Breast cancer cells: ERf mRNA 1
TCDD Anti-estrogenic in vitro [4, 84]
PBDE-99 in utero (rat) Uterus (offspring): ERf mRNA | [88, 89]

PBDE:s in fish liver oil
BPA

BPA in utero (rat)
BPA neonatally (rat)

Isolated pig follicles: ERf protein |
ERp binding in vitro

Uterus (offspring): ERf protein |
Behavioral effects in adults (via ERf)

[94-97, 99, 100]

MXC in puberty (female monkeys) Antagonism of ERf — impaired cognitive functions [105, 106]
MXC in utero (rat) Follicles in adults: ERf protein |

Phthalates Antagonists in vitro [107, 109]
DBP (rat) Testis: ERf inhibited

EDC Endocrine disruptive chemical, PCB polychlorinated biphenyls, TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin, PBDE polybrominated di-
phenylethers, BPA bisphenol A, MXC methoxychlor, DBP di(n-butyl) phthalate
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pathways exists (reviewed in [82]). Intriguingly, results
from our group show that the anti-estrogenic effects of
TCDD are much stronger on ERf5- than on ERa-mediated
activities, indicating subtype-selective mechanisms are
involved [4, 83]. In addition, Kietz and colleagues [84]
reported that TCDD inhibits ERaz-mediated upregulation of
ERf mRNA in breast cancer cells, suggesting again that
TCDD affects ERf activity more severely than that of
ERo. However, the physiological outcome of TCDD’s
interference with ERf is not clear as most studies have
studied the effects of TCDD on ERa.

Polybrominated diphenylethers

Polybrominated diphenylethers (PBDEs) are used as flame
retardants in plastics, textiles, and electronic devices.
PBDEs tend to bioaccumulate and have been found to
increase exponentially in human breast milk and cord
blood during the last 25 years [85, 86]. PBDEs are con-
sidered as EDCs, since they disrupt thyroid homeostasis,
and for some PBDE congeners, estrogenic activities have
been reported (reviewed in [87]).

Ceccatelli et al. [88] investigated the effects of prenatal
exposure to PBDE-99, one major congener in human breast
milk, and the commercial PCB mixture Aroclor 1254, on
the reproductive functions in rats. In female rat offspring,
the uterine expression of estrogen target genes (progester-
one receptor, ERa;, ERf}, IGF-1) was significantly altered
following in utero exposure to these substances.

The predominance of ERf in the ovarian follicles was
the basis for a study investigating the endocrine disruptive
activities of two different fish liver oils [89]. These natural
mixtures have been shown to contain PBDEs and PCBs
[90], and the effects were studied in isolated pig ovarian
follicles. High levels of PBDEs was found to downregulate
ERp protein levels, while the PCB-containing mixture did
not, suggesting ERf-mediated effects of PBDEs in the
ovaries.

Bisphenol A

One recently debated example of an EDC is the xeno-
estrogen bisphenol A (BPA). It is used in its polymeric
form in food and beverage containers, baby bottles, and
dental fillings. BPA has been shown to leak from the plastic
[91], and it has been found in human plasma, urine, and
breast milk (reviewed in e.g., [92]). Recently, an epide-
miological report describes a link between high urinary
levels of BPA and cardiovascular disease, liver abnor-
malities, and diabetes in a US adult population cross-
sectional study, establishing a correlation between high
BPA exposure and disease in humans [93].

BPA exhibits estrogenic agonist activities both on ERo
and ERf; in vitro [94, 95]. In binding studies, BPA has been
shown to display relatively high ERf selectivity [96, 97],
although there are also data indicating that it may be both
agonist and antagonist of ER« depending on cell type [98].
However, when assessed in vivo, BPA did not exert
estrogenic effects in the uterus, bone, and vagina of
exposed rats [96].

The effects of in utero exposure to BPA in rats were
investigated by Schonfelder et al. [99]. Data from this
study showed disturbances in the uterus of exposed off-
spring. Moreover, a significant increase of ERa expression
and, in contrast, downregulation of ERf were seen indi-
cating that the observed morphological uterine changes
may be due to BPA-induced dysregulation of ERo/ERf
levels.

Data from ER knockout mice suggest that ERa acti-
vation enhances aggression while activation of ERf has
the opposite effect. In male rats neonatally exposed to
BPA, the ERf agonist diarylproprionitrile (DPN), or the
daidzein metabolite equol (EQ), behavioral effects like
anxiety and increased aggressiveness could be seen in the
adult rats. This indicates that exposure to ERf agonistic
compounds at neonatal stages may influence the behavior
later in life [100]. In contrast, other reports have shown
that exposure during adulthood with DPN reduces anxiety
in rodents, indicating that the timing of exposure is crucial
[101, 102].

Methoxychlor

Many chlorinated insecticides have endocrine disruptive
properties. One prominent example is 1,1,1-trichloro-2,2-
bis[chlorophenyl]ethane (DDT), which is spread in certain
parts of the world in the fight against malaria, although its
use is now heavily restricted. Methoxychlor (1,1,1-trichloro-
2,2-bis[4-methoxyphenyl]ethane; MXC) 1is structurally
similar to DDT, and is estrogenic in vivo but also acts on AR
[103, 104].

Exogenous estrogens diethylstilbestrol (DES) and MXC
were administered to female monkeys during puberty.
Since it is not known what brain functions are influenced
by estrogen in pubertal girls, some cognitive functions that
are known to be gender-differentiated and sensitive to
estrogens in postmenopausal women were tested. No dis-
ruption of behavior in the DES group could be observed,
while MXC exposure significantly impaired cognitive
functions, possibly due to differential interactions with
ERa/ERp [105].

In rats, exposure to MXC during pregnancy caused
adverse effects on several reproductive parameters in the
adult animals, in particular in the ovary [106]. ERf
expression was reduced in follicles, which may contribute
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to reduced responsiveness to gonadotropins and to sub-
sequent decrease in female fertility.

Phthalates

Phthalates are plasticizers used in high quantities and
found ubiquitously in the environment. Some types of
phthalates are suspected EDCs. Takeuchi and colleagues
[107] investigated phthalates in ER reporter gene assays
and showed that several of the tested compounds dis-
played ERf-antagonism while they acted estrogenic via
ERo. In vivo, chronic exposure to di(n-butyl) phthalate
(DBP), a phthalate found in humans [108], was demon-
strated to inhibit ERf and AR in rat testis, suggesting a
role in the observed dysregulation of steroidogenesis
[109].

EDCs and human health

Biomonitoring data indicate that the general human pop-
ulation is continuously exposed to low doses of mixtures
of EDCs, primarily through ingestion of contaminated
food. This background exposure makes it difficult to
establish a direct causal association between a particular
EDC and adverse health outcomes. In the global assess-
ment report by WHO, several adverse human effects are
discussed such as reproductive effects, cancers, and
immune function. It is concluded that there are strong
indications of human health problems caused by EDCs,
which makes this area a high research priority [65]. The
fact that numerous xenoestrogens and phytoestrogens
show stronger binding affinities to ERf calls for more
studies on ER subtype-specific effects and in ERf-
expressing tissues.

Interestingly, ERf is identified as a negative regulator of
the lipid-sensing peroxisome proliferator-activated receptor
PPARy, which is a key player in insulin, glucose, and fatty
acid metabolism [110]. ERf attenuates ligand-induced
PPARy transcriptional activity and PPARy-regulated adi-
pogenesis in vitro. Additionally, ERf knockout mice
display improved insulin response when kept on high fat
diet compared to wild-type mice. PPARYy is targeted by
organotins, environmental pollutants with endocrine dis-
ruptive properties [111, 112]. Organotins and similar
compounds have been suggested to act as obesogens,
leading to dysregulation of adipogenesis and contributing
to the Western world epidemic of obesity (reviewed in
[113]). The finding that ERf is an important regulator of
PPARy suggests that EDCs may influence adipogenesis by
acting either on ERf, and/or acting directly on PPARy.
Hence, the adipogenesis pathway may be a system partic-
ularly vulnerable for EDCs adverse effects.

Modulation of ERf activity by posttranslational
modifications

A considerable amount of evidence has accumulated that
there is crosstalk between growth factor and ER signaling,
particularly for the ERa isoform (reviewed in, e.g., [114—
116]). Peptide growth factors are important regulators of
cell proliferation. They act via their membrane-bound
receptors (receptor tyrosine kinases) and induce mitogen-
activated protein kinase (MAPK) signaling. Growth factors
such as epidermal growth factors (EGFs) and insulin-like
growth factors (IGFs) have been shown to change the
phosphorylation status and thus the activity of ERa. More
recently, it has become clear that ERf function can also be
modulated by phosphorylation in its N-terminal region,
linking ERp activity to growth factor signaling.

Posttranslational modifications of ERf

Upon cloning of the mouse ERf, analysis of its function
revealed that ligand-induced ERf activity is potentiated by
inducing the Ras-Rafl-MAPK pathway, which lies down-
stream of the growth factor receptors [117]. This
potentiating effect was abolished by mutation of the serine
residue at position 124 to an alanine, i.e., by preventing ER 8
to be phosphorylated at this residue. This first indication that
ERJ can be regulated by phosphorylation was consolidated
by a study showing that the transcriptional coactivator
SRC-1 ligand independently interacts with ERf§ AF-1, more
specifically with the region containing Ser124 and another
serine residue, Ser106, when these serines are phosphory-
lated [118] (Fig. 2). This interaction resulted in enhanced
ligand-independent transcriptional activity of ERf. Fur-
thermore, SRC-1 recruitment was inhibited by a MAPK
inhibitor and enhanced by EGF and IGF-1, indicating that
MAPK signaling is involved in ligand-independent activa-
tion of ERf by SRC-1. Moreover, the MAPK extracellular
signal-regulated 2 (ERK2) readily phosphorylated the A/B
domain of ERf containing AF-1 in vitro [119].

The MAPK p38 has also been shown to regulate ERf
activity (Fig. 2). However, in contrast to ERK?2, it is not
clear where the p38 phosphorylation sites are in the
receptor. Moreover, different stimuli result in opposite
effects on ERf activity: whereas p38 activation by
expression of the proto-oncogen Brx enhances ligand-
induced ERf function [120], hormone-dependent ERf
activity is repressed by the growth factors heregulins via
p38 [121]. It is thus likely that p38 does not only phos-
phorylate ERf; directly but regulates other factors that are
important for ERf signaling. For example, it has been
shown that the ER coregulators, AIB1 [122] and GRIP1
[123], are phosphorylated by p38.
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Fig. 2 Posttranslational modifications of ERf: the signaling cascades
leading to the respective modification (green), and the effects of the
modification on ERf (blue). AF Activation function, DBD DNA
binding domain, LBD ligand binding domain, Palm palmitoylation,

Phosphorylation of the ERf AF-1 also regulates other
posttranslational modifications of the receptor, which in turn
control its activity. Phosphorylation of serine 94 and 106 has
been suggested to enhance ubiquitination of ERf by
increased recruitment of the ubiquitin ligase E6-AP [124]
(Fig. 2). Ubiquitination directs proteins to the 26S protea-
some where they are degraded. Interestingly, 26S
proteasome function is necessary for transcriptional activity
of both ER isoforms as its inhibition leads to abolished
response to hormone [124, 125]. Proteasome inhibition
leads to diminished ER mobility within the nucleus, which is
thought to be necessary for its transcriptional activity [126].
Picard et al. [124] showed that serine to alanine substitution
at residues 94 and 106 results in increased ERf stability,
whereas activation of ERK MAPK decreased ERf§ half-life.
These findings suggest that phosphorylation also regulates
ERp transcriptional activity by dictating protein stability.

Serine residue 69 has been shown to be alternatively
modified by phosphorylation or 2-amino-2-deoxyglu-
cosylation (GlcNAcylation) [127] (Fig. 2). GlcNAcylation

ni.

\Qx

PAVMNYSVPSSTGNLE

PAT palmitoyltransferase, P phosphorylation, GInNAc 2-amino-2-
deoxyglucosylation, n.i. not investigated, ERK extracellular signal-
regulated, EGF epidermal growth factor, /GF insulin-like growth
factor

is a common posttranslational modification and is respon-
sive to cell cycle, extracellular signals, glucose
metabolism, and the growth state of a cell. As it occurs on
the same hydroxyl moiety as phosphorylation, these two
modifications are in many cases mutually exclusive [128].
Interestingly, in a follow-up study, Cheng and colleagues
[129] showed that serine 69 phosphorylation results in
higher ERf activity but decreased stability, whereas Glc-
NAcylation at this residue had the opposite effect. Peptides
containing the unmodified, phosphorylated, or GlcNAcy-
lated ERf} sequence were shown to adopt different
secondary structures, which could explain the differences
in ERf stability induced by these modifications [130].
However, it is also possible that phosphorylation at residue
69 additionally affects ubiquitination and thus proteosomal
degradation of ERpf. This has not been investigated and
would contribute to the understanding of how posttran-
scriptional modifications regulate ERf activity.

Like ERa, ERp has recently been shown to be S-palmi-
toylated [131]. S-palmitoylation occurs upon attachment
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of palmitate to a non-N-terminal Cys residue through a
thioester linkage and is catalyzed by palmitoyltransferase
(PAT) [132]. This modification renders the protein more
hydrophilic and facilitates membrane association. In the
case of ERf, palmitoylation occurs on residue Cys399 and
has been suggested to be necessary for the localization of
the receptor at the plasma membrane and thus for rapid,
non-genomic effects mediated by membrane-associated
ERp. Additionally, inhibition of ERp-palmitoylation
weakly decreased ERE-dependent transcriptional activation
[131].

Physiological implications

The physiological implications of ERf modulation by
posttranslational modifications remain an open question.
For ERGo, it is well documented that crosstalk with growth
factors play an important role in cancer progression and, in
particular, in drug resistance in breast cancer patients
(reviewed in, e.g., [115]). As the role of ERf in tumor cells
has not been completely solved yet, the importance of its
regulation by growth factors is not easy to evaluate. As
there is evidence that ERf acts as tumor suppressor, it
might counteract the proliferative effects of growth factors.
However, this has to be specifically addressed. In colon
cancer, pro-apoptotic effects of ERf have been suggested
to be mediated by membrane-associated receptors, acti-
vating the p38/MAPK pathway, which in turn leads to
downstream apoptotic events [133]. Inhibition of ERp
palmitoylation in colon cancer cells prevented the
induction of this pro-apoptotic cascade [131]. Thus,
palmitoylation of ERf; seems to be important for its role as
tumor suppressor.

Interesting is the finding that ER§ can be GlcNAcylated.
GIcNAcylated proteins increase in insulin resistance
induced by diabetes type 2 [134]. Recently, ERf has been
suggested to act as diabetogenic factor [135]; thus, it would
be exciting to further investigate the role of GlcNAcylation
of ERf in the context of glucose metabolism.

Circadian regulation of ERf expression

Although ERp is widely distributed throughout the body,
the expression levels vary significantly among different
tissues and cell types. Even within a single tissue, there are
time-dependent changes in ERf} expression, both on a long-
term scale, such as in fetal and postnatal development, and
short-term during the circadian cycle.

The abundance of ERf in different tissues varies during
development, via unknown regulatory mechanisms, sug-
gesting an important role of ER f-mediated estrogen action
in the maturation of fetal and postnatal tissues [136—138].

In the mouse brain, for instance, ERf protein expression
has been shown to appear in distinct regions between
embryonic day 12.5 and 16.5. At day 18.5, there is a sig-
nificant increase in ERf levels in most parts of the brain
[139]. High ERf levels are maintained throughout birth
and the first two postnatal weeks, whereas they drop sig-
nificantly between postnatal day 14 and 35. Four months
after birth, however, they increase again [138].

Expression of ERf also oscillates following the circa-
dian cycle within one tissue, such as lung or liver [140].
Circadian rhythm is an internal biological clock that
regulates a variety of biological processes according to a
roughly 24-h period [141]. Although the suprachiasmatic
nucleus (SCN) is the main controller of the rhythm,
molecular oscillators are also found in individual cells
[142]. At the molecular level, the circadian oscillator is
driven by a transcription/translation feedback loop com-
prised of a set of clock genes. Heterodimers formed by
helix-loop-helix (bHLH)-Per-ARNT-sim (PAS) proteins
CLOCK and BMALI1 (also called ARNT3) generate the
transcription of negative circadian regulators, such as PER
and CRY, and other clock-controlled genes (CCGs) by
binding to the E-box motifs within the promoter regions of
these genes. Accumulated PER and CRY proteins form in
turn negative regulatory complexes, which interact with the
CLOCK-BMALI1 and inhibit transcription of their own
genes and other CCGs [143-145].

ERf mRNA displays a circadian expression pattern in
both synchronized cultured cells and mouse tissues, but has
been found in constantly high levels without any oscillation
in BMALI knockout mice. Moreover, both positive and
negative circadian components are recruited to ERf pro-
moter in mouse HC11 cells. As is the case for most CCGs,
the circadian components bind to an evolutionarily con-
served E-box (CACGTG) enhancer in the proximal
promoter region of ERf5. The recruitment of PER1 shows a
circadian oscillation with the same pattern as ERf mRNA
expression, whereas no rhythmic change is observed in the
recruitment of CLOCK. The possible mechanism is
depicted in Fig. 3: CLOCK-BMALI heterodimers bind to
the ERf promoter and induce ERf transcription, while
negatively regulatory heterodimers PER-CRY interact with
CLOCK-BMALI to inhibit the transcription. In wild-type
mice, constant binding of CLOCK-BMALLI and circadian
recruitment of PER-CRY generate the rhythmic expression
of ERf (Fig. 3a). In BMALI1 knockout animals, on the
other hand, there is no recruitment of PER-CRY due to the
lack of CLOCK-BMALL, instead, ERf is induced by other
activating transcriptional factors and remains highly
expressed (Fig. 3b). Interestingly, ERa is not regulated by
circadian clock [140].

Circadian rhythms play critical roles in maintaining
optimal physical functioning; disrupted circadian cycles
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Fig. 3 Schematic model of circadian regulation of ERf expression.
a In wild-type mice and cells, CLOCK-BMALI heterodimers bind
constantly to the E-box enhancer in the ERf promoter and induces
ERp transcription. The negative circadian regulator PER-CRY works
as the main driving force of the circadian expression of ERf.
Recruitment of PER-CRY causes an inhibition of ERf} expression,
and the release of PER-CRY results in an upregulation of ERf
expression. b In BMAL1 KO mice, the negative regulator PER-CRY
cannot be recruited to ERf8 promoter. Instead, the expression of ERf
is induced by unknown activating transcription factors (X) and kept at
high levels with no oscillation. Figure reproduced with permission
from the American Society for Microbiology

can lead to increased susceptibility of various diseases
[146]. Accumulating findings indicate that shiftwork, a
typical example of circadian disturbance, is a risk factor for
a number of disorders [147]. Among these health problems
are reproductive malfunctions in female shift workers
[148-150] and increased risk of developing mood disorders
[151, 152]. ERf could be involved in these circadian
effects. It is involved in the function of the female repro-
ductive system, and several recent studies have reported an
important role of ERf in mood disorders and an antide-
pressant and anxiolytic effect of ERf selective agonists
[102, 153, 154]. Moreover, different studies suggest both
circadian rthythm and ERf could function as suppressors in
development of tumors [44, 155-157]. A very recent study
in colorectal cancer even indicates a correlated downreg-
ulation of ERff and PER1 [158]. However, direct evidence
to prove circadian clock regulating biological processes
through ERp in vivo is still lacking. In addition, isoform
specific regulation of ERs by the circadian system implies
that ERa/ERf ratio could be subject to the daily light—dark
cycle. Given the distinct biological roles of the two ER
isoforms, oscillation of the ERo/ERf ratio could lead
to daytime-dependent changes in estrogen action and
susceptibility of ER-related diseases.

Regulation of ERf expression by DNA methylation

DNA methylation is a way to encode epigenetic informa-
tion and an important mechanism to control gene
expression. In vertebrates, methylation occurs on cytosines
in CG dinucleotides (annotated CpGs). DNA methylation
is catalyzed by DNA methyltransferase (DNMT) 3, the de
novo methylation enzyme, and DNMT 1, responsible for
maintenance of methylation during replication. It is still not
clear, on the other hand, how the process of demethylation
is regulated [159].

Throughout the genome, the frequency of CpGs is lower
than expected from random distribution. However, there
are stretches of DNA, often associated with gene promot-
ers, which are CpG enriched, so-called CpG islands.
Generally, unmethylated CpG islands are associated with
open chromatin allowing active gene transcription, whereas
DNA methylation correlates with a closed chromatin
structure and gene silencing [159]. Additionally to DNA
methylation, modifications at the N-terminal tails of the
core histones and at histone-associated proteins, contribute
to the chromatin structure and thus to epigenetic regulation
of gene transcription. For example, histone acetylation at
histones 3 and 4 are a mark for active gene transcription
whereas deacetylation is associated with inactive genes.
Histone methylation also correlates with gene activity.
However, the correlation is more complex and depends on
the combination of methylated lysines as well as on
the differentiation state of the cell (reviewed in, e.g.,
[160, 161]).

Regulation of gene expression by DNA methylation is
important in many processes, €.g., in the establishment of
cell lineage-specific gene expression during embryonic
development, in the regulation of imprinted genes (genes
that are transcribed either from the maternal or paternal
allele only), and in the inactivation of one of the two
female X chromosomes. Additionally, aberrant DNA
hypermethylation in the promoter region of tumor sup-
pressor genes has been described for many cancers, leading
to silencing of tumor suppressor gene expression. It has
become evident that ERf expression can be regulated by
DNA methylation in its promoter region. This is associated
with reduced ERf transcription.

The ERp promoter as a target for DNA methylation

The promoter region of human ERf was cloned and
characterized in 2000 by Li and colleagues [162]. Shortly
thereafter, two ERf isoforms were described that originate
from two different untranslated first exons, exon 0K and
exon ON [163]. These exons are spliced to exon 1 and give
rise to the two messenger RNAs (OK-1) and (ON-1),
respectively (Fig. 4a). The originally described promoter
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Fig. 4 DNA methylation in the ERf untranslated region.
a Schematic drawing of the ERf untranslated region and the splicing
events leading to the two ERf mRNAs (0OK-1) and (ON-1).

sequence [163] includes the sequence of exon ON. Exon 0K
lies around 50 kb upstream of exon 1 (Fig. 4a) and has not
been characterized in detail. Notably, full-length ERf
transcripts have been detected, which contain neither exon
OK nor ON [8], suggesting the presence of (an) additional,
yet to be identified, exon(s) 0. Interestingly, (OK-1) and
(ON-1) have a distinct tissue distribution [163], and their
ratio changes in tumor cells [12].

Both ERf promoter regions are GC rich and exhibit
several predicted CpG islands (Fig. 4b). It is now clear that
ERp expression can be regulated by DNA methylation in
these CpG islands, at least in those around exon ON.
Changed DNA methylation patterns in the ERff promoters
have been described for several forms of cancer and
recently also in endometriosis and atherosclerosis and
vascular senescence (summarized in Table 3).

DNA methylation of ERf promoter in prostate cancer

Aberrant DNA methylation in the promoter region of ERf§
was first found in prostate carcinoma [12]. ERf is the
predominant ER form in the human prostate. ERo and ERf§
are differentially expressed, with ERf; found in the basal
epithelium whereas ERu is expressed in the stroma [164]. It
has been suggested that ER has antiproliferative functions
in basal epithelial cells, which could result in a protective
effect against prostate cancer (PCa) [165]. Furthermore,
several studies show that ERf is more effective than ER«
in protecting cells from oxidative stress caused by estro-
gens. Estrogens can be genotoxic both via intermediates
that form DNA adducts and by induction of oxidative
stress, which results in the formation of reactive oxygen
species. ERf is more efficient than ERa in activating
antioxidant enzyme such as quinone reductase and gluta-
thione S-transferases, which clear the organism from these
genotoxic compounds [166-168]. In line with these

-673 -560 2211 -50 +43 +298

ERP (ON-1)

b Positioning of the CpG islands (light gray rectangles) in ERp
(0OK-1) and ERf§ (ON-1). The transcription initiation site is assigned as
position +1

findings, ERf knockout mice, but not ERa knockouts,
develop prostatic hyperplasia in old age [169].

ERf expression changes during different stages of
prostate cancer. In primary tumors, its levels decrease with
increasing tumor progression and are lost in high-grade
carcinomas [170-172]. On the other hand, high levels of
ERf are observed in the majority of PCa metastases in
bone and lymph nodes [173]. The reason for this and the
role of ERf in metastases is unknown. There are specula-
tions that local factors can lead to re-expression of ERf at
these sites. Alternatively, ERf-expressing tumor cells
might have a higher capability to migrate and establish
themselves in distant sites [174].

DNA methylation in the 5" untranslated region of ERf
inversely correlates with its expression in the prostate. This
was first shown in a study by Nojima et al. [175] where
DNA methylation of 19 CpG between 376 and 117 bp
upstream of the ATG in exon ON were analyzed in human
prostate carcinoma and benign prostatic hyperplasia
(BPH). They could demonstrate that all 19 CpGs were
methylated in the carcinomas, which coincided with lack of
ERJ expression. In BPH, on the other hand, these CpGs
were not methylated and ERf was expressed. Furthermore,
treatment with the demethylation agent 5-aza-2A-deoxy-
cytidine (5-AZAC) of PCa-derived cell lines devoid of
ERJ resulted in re-expression of ERf. These results were
confirmed in a similar study by Sasaki et al. [176].

Zhu and colleagues [177] elaborated on these initial
findings by including the promoter region upstream of exon
ON into the DNA methylation analysis and by comparing
different grades of PCa and metastatic tissue. They con-
cluded that both CpG island 1 in the promoter region and
CpG island 2 in exon ON become higher methylated the
more the cancer has progressed. However, in PCa meta-
stases, in which ERf is normally expressed, DNA
methylation in the two CpG islands was comparable with



3886

E. Swedenborg et al.

Table 3 Summary of the DNA methylation events in the promoter region of ERf

Tissue Investigated region Differentially methylated CpGs Correlation Correlation References
between between
methylation and methylation
ERJ expression and disease
Prostate carcinoma/BPH Exon ON (429 to +301) All 19 Yes, inverse Yes, direct [175]
Cancerous and healthy  Exon 1 (4597 to +705) All 3 Yes, inverse Yes, direct [176]

prostate tissue/
prostate cell lines

Healthy prostate/PCa
grade 1-5/lymph knot
and bone metastases

Promoter region/exon
ON (—204 to +315)

carcinoma/various and OK (—137 to
breast cancer cell +157)
lines

Cancerous and healthy
breast tissue

Exon ON (4217 to
+406) and OK

Promoter region/Exon
ON (=252 to +393)
and OK (—137 to

Ovarian cancer tissue
and cell lines

+157)
Endometrial and ON Promoter All 13
endometriotic tissue (=202 to —37)

and primary cells

Atherosclerotic and Partial for all 10

normal tissue

Exon O N (434 to
+192)

—146, —144, —142, —139, —136,
—132; +31, 451, +53, 462, +94,
+105, +108; +160, +174, +178,
4201, +205, 4224, +227, 4232

Breast epithelium/breast Exon ON (429 to +301) All 19 in exon ON, none in exon 0K

All 11 in exon ON, none in exon 0K

All 45 in exon ON, none in exon 0K

Yes, inverse Direct for primary [177]
tumors, no
correlation

for metastases

Yes, inverse Yes, direct [186]
Yes, inverse Yes, direct [187]
Yes, inverse [12]

Yes, inverse Yes, inverse [194]
Not measured  Slightly, direct [195]

The transcription initiation site is assigned as position +1

healthy tissue. Three CpG clusters were identified that were
heavily methylated when ERp transcription was silenced:
CpGs 3-8 in the promoter region, and CpGs 16-22 and 28—
35 in exon ON. Again, these results were confirmed in PCa
cell lines. Furthermore, they could show that PC3 cells, a
PCa cell line that expresses ERf3, become more methylated
in the ERf promoter the longer they are kept in culture.
Interestingly, increase in methylation starts at the first CpG
cluster and “spreads” downstream with increasing pas-
saging number. Additionally, using methylated sense
oligonucleotides (MOs) in PC3 cells, sequence-specific
methylation of CpG island 1 or 2 was achieved. Interest-
ingly, methylation of CpG island 1 led to suppression of
ERJ transcription whereas there was no effect when CpG
island 2 was methylated. Thus, the methylation status of
CpGs 3-8 seems to be most important for ERf; expression.

A follow-up study by the same research group identified
a binding site for the transcription factor activator protein-2
(AP-2) in this region [178]. Using chromatin immunopre-
cipitation, they could show that AP-2 is recruited to the
ERf promoter and that overexpression or downregulation
of AP-2 leads to increased or reduced ERf transcription,
respectively. Similarly to ERf, AP-2 expression is down-
regulated in PCa [179]. The authors speculate that loss of

AP-2 expression is the initial cause for decreased ERp
expression. Reduced AP-2 recruitment could lead to an
increased DNMT recruitment to this site, which in turn
results in DNA methylation and long-term silencing of the
ERf gene [178].

DNA methylation of ERf promoter in breast
and ovary cancer

ERf downregulation has been reported both in breast and
in ovary [180-183]. In both cancers, ERf acts as pro-
apoptotic factor; thus, it has been suggested that ERf acts
as tumor suppressor gene [184, 185]. As in PCa, ERf
expression has been shown to be regulated by DNA
methylation in both breast and ovary tissue. Zhao and
colleagues [186] measured ERf} expression and promoter
methylation in various cell lines derived from mammary
epithelium or breast carcinoma as well as in primary breast
cancer tumors. Again, low ERf expression in tumors and
an inverse correlation between DNA methylation of the
exon ON and ERf expression was found. The authors also
investigated the methylation pattern in exon OK. However,
there was no correlation between methylation and ERp
expression; exon 0K was unmethylated both in healthy and
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in cancerous cells. Like in PCa cell lines, treatment with
5-AZAC led to increased ERf expression.

Increased ERf methylation in exon ON in breast cancer
was confirmed in a later study by Rody et al. [187].
Additionally, possible mechanisms for ERf methylation
were investigated. The presence of reverse promoters
downstream of exon ON and OK led the authors to
hypothesize that antisense transcripts are generated from
the reverse promoters leading to methylation of the ERf
promoter. This mechanism has been described for epige-
netic silencing and imprinting [188—190]. However, no
antisense transcripts to the ERff promoter could be detec-
ted. On the other hand, by comparison with other genes
known to be regulated by DNA methylation in breast
cancer, the authors could identify a short common motive
in the promoter region of these genes. A whole genome
search identified 45 promoter regions containing this
motive, 18 of which had been analyzed before in micro-
array studies with breast cancer samples. Strikingly, most
of them were indeed downregulated in breast cancer [187].

In a recent study, ERf methylation was analyzed in
ovarian cancer cell lines and tissues [12]. ERf expression
was reduced in cancerous compared to normal tissue,
which inversely correlated with DNA methylation in the
promoter region and exon ON. Again, exon 0K was un-
methylated both in healthy and in tumor cells, and 5-AZAC
treatment led to re-expression of ERf in ovarian cancer cell
lines.

DNA methylation of ERf promoter in other conditions

Endometriosis is a common gynaecologic condition, in
which endometrium-like tissue is present outside the uter-
ine cavity. It causes severe pain in the patients and is
associated with infertility [191]. ERf expression is signif-
icantly higher in endometriotic compared to endometrial
cells and tissue [192, 193]. Xue and colleagues [194]
demonstrated that higher ERf levels in endometriotic
stromal cells were associated with lower DNA methylation
of the CpG island in exon ON compared to endometrial
stromal cells. ERff mRNA could be induced by 5-AZAC
treatment in endometrial stromal cells, and in vitro meth-
ylation analysis showed that the methylation of the CpG
island inhibits transcriptional activity in these cells.

In a study by Kim et al. [195], DNA methylation
changes in the ERf promoter/exon ON were investigated
in atherosclerotic and cardiovascular tissue. The authors
describe higher DNA methylation in atherosclerotic
compared to vascular tissue. Additionally, DNA methyl-
ation was compared in plaque and non-plaque regions
from the same blood vessel. Calcium plaque formation is
a hallmark of atherosclerosis. ERf methylation was
higher in the plaque than the non-plaque region of the

same patient whereby the plaques showing most athero-
sclerotic changes had the highest increase in DNA
methylation. The authors also studied methylation chan-
ges in in vitro vascular senescence of smooth muscle cells
and endothelial cells. Half the cell lines used showed
elevated ERf} methylation with increasing passage num-
bers. Additionally, some of the senescent cells were
treated with the DNA demethylation agent 5-azacytidine,
which resulted in increased ERf; expression in these cells.
However, no correlation of DNA methylation and ERf
expression levels was done in this study otherwise. Fur-
thermore, it has been described in earlier studies that ERf
expression is increased in atherosclerotic plaque lesions
compared to non-plaque regions [196, 197]. Thus, the
biological significance of the results by Kim et al. has to
be further investigated.

Aberrant DNA methylation of ERf as a potential
therapeutic target

The results summarized in this section clearly show that
ER/f silencing by promoter methylation coincides with
different forms of cancers and possibly other conditions. In
most of the studies, the findings were complemented with
5-AZAC treatment of cell lines, which led to demethyla-
tion of the promoter and subsequent ERf re-expression.
DNA demethylation agents, alone or in combination with
histone deacetylase (HDAC) inhibitors, are used in cancer
therapy, for example for myelodysplastic syndromes, leu-
kemia, and ovarian and prostate cancer (reviewed in, e.g.,
[198]). In vitro studies also demonstrate that DNA
demethylation agents, particularly in combination with
HDAC inhibitors, induce apoptosis, cell differentiation
and/or growth arrest, e.g., in human lung, breast, colon, and
prostate cancer cells [199, 200]. Walton and colleagues
[200] correlated the pro-apoptotic effects of DNA
demethylation and HDAC inhibition to re-expression of
ERJ in prostate cancer cell lines. However, due to the lack
of specificity of DNA demethylation agents, it is impossi-
ble to causally link ERf expression and anti-cancerous
effects of these drugs. Although ERJ has been suggested to
function as tumor suppressor, and mice lacking ERf
develop, e.g., severe epithelial hypoplasia of the prostate
[165], further studies are needed to demonstrate a causal
role for ERf silencing in the development of cancer. In
particular, the molecular mechanisms leading to ERf
promoter methylation should be addressed, like in the
studies by Zhang et al. [178] and Rody et al. [187]. This
might not only lead to a better understanding of the role of
ERJ in cancer but also to more specific anticancer thera-
pies. Independently of whether ERf silencing is causal for
tumor growth or the result of cell transformation, Rody and
colleagues have suggested that its methylation status might



3888

E. Swedenborg et al.

serve as a marker for malignancy and prognosis. These
authors describe higher ERf methylation in patients with
relapse during follow-up studies, i.e., DNA methylation
was inversely correlated to prognosis [187]. However, the
data were not statistically significant. Thus, further studies
should investigate the interesting possibility that ERp
methylation status could be a prognostic marker for breast
cancer patients.

Concluding remarks

In this article, we have tried to summarize different means
by which ERf activity is modulated and regulated. ERf is
an interesting therapeutic target, e.g., in the treatment of
some cancer forms, sub-fertility, and depression [2].
However, in order to achieve optimal efficiency with
minimal side effects, specificity of a drug, regarding ER
subtype and target tissue, is desirable. Understanding its
regulation, both by endogenous processes and exogenous
factors, opens up the possibility to specifically interfere
with ERf function. For instance, analyzing the subtype
selectivity and its underlying mechanisms of certain phy-
toestrogens can inspire the design of novel ERf agonistic
drugs. Unraveling the effects of posttranslational modifi-
cations can open up opportunities for ERf targeting via
other signaling pathways. And understanding the mecha-
nisms leading to ERf silencing by promoter methylation
might offer the possibility to reactivate ERf expression in
tumors. The fact that ERfS expression is regulated by the
circadian system implies that even the timing of drug
delivery might be crucial for efficiency and specificity.
Timing of drug delivery has already been shown to be
essential in cancer therapy, particularly in patients with
metastatic colorectal cancer [201]. In conclusion, further
efforts are needed to delineate the exact mechanisms
regulating ERf§ activity in order to target it specifically.
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